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Abstract 
p，p，-DDE is a dead-end metabolite of DDT, a banned synthetic pesticide, under 
aerobic condition. They are persistent organic pollutants (POPs) listed on the UNEP 
priority list for remediation. p，p，-DDE is also a well-known endocrine disrupter and 
a probable human carcinogen. High EDDT residual concentrations are still detected 
in foodstuff and many agricultural and horticultural fields around the world. 
Pleurotus pulmonarius is one of the oyster mushrooms which are commonly 
cultivated and consumed around the world. Up to now, there are 5 genes encoding 
manganese peroxidase {mnp) and 8 genes encoding laccase (/ac) identified so far in 
P. pulmonarius. P. pulmonarius has great potential to become a bioremediating agent 
as it is readily available, highly cost-effective, capable of removing a variety of 
organopollutants, easy and safe to operate without generating toxic and waste 
residues for disposal. 
To determine which mushroom cultivation stage(s) shows desirable gene 
expression profiles for removal of DDE, transcription patterns for both lac and mnp 
genes of P. pulmonarius in solid-state fermentation using wheat straw as substrate 
were determined using RT-PCR. All lac and mnp were constitutively expressed. 
Besides, both specific laccase and manganese peroxidase (MnP) activities were 
maximal during vegetative growth and declined sharply at fruiting stage and rose in 
the intercrop period between two flushes. The changes in ligninolytic enzyme 
• activities are related to the degradation of the substrate for providing resources for 
growth and fruiting of mushrooms. Good correlation exits between laccase activity 
and lac gene expression under these stages. Nonetheless, development-specific genes 
need further investigation and confirmation. 
In aqueous condition, DDE only inhibited the mycelial growth of P. 
iii 
pulmonarius at extremely high concentration of 12.0 mM DDE/g biomass. Under 
optimal conditions, laccase activity reached maximum (3.072 + 0.347 lU/mg protein) 
after 96 hours and the removal efficiency and removal capacity of the flingus were 
99.76 土 0.02O/O and 2.1238 土 0.0010 mg DDE removed per g biomass after 168 hours, 
respectively. All the ligninolytic enzyme-coding genes expressed constitutively 
throughout incubation but were modulated to different extents by DDE. In 
comparison, live fungus performed better than the crude enzyme preparations from 
mushroom composts. 
In soil system, the highest removal efficiency of 71.41 土 8.44 % was obtained 
with the spent compost of the first flush obtained after the harvest of the mushroom 
crop. Yet in terms of removal capacity, crude enzyme preparation from Day 28 
compost had higher values of 39.9 土 0.8 pg DDE removed per g crude enzyme. The 
expression profiles of the lac and mnp genes in soil system were generally lower 
than and different from those in broth system. Nevertheless, laccase of P. 
pulmonarius might be the key enzyme involved in degradation of DDE. 
Thus, the results generated support using P. pulmonarius to treat DDE in broth 
system although a longer incubation time was needed. While in soil system, the 
spent mushroom compost could be applied directly for removal of DDE owing to the 
iirmobilized ligninolytic enzymes. This study also demonstrated a simple extraction 
procedure of these ligninolytic enzymes from straw-based compost, and the crude 
enzyme preparations could be applied to degrade DDE in broth and soil systems. In 



















後達致最高(每一毫克蛋白含3.072 ± 0.347 IU)。一百六十八小時後，真菌去除 
滴滴伊的效率及能力分別達99.76 ± 0.02%及每克生物量能去除2.1238 ± 0.0010 
毫克滴滴伊。所有木質素酶的基因在測試時皆有清楚表達，然而在滴滴伊的影 
• 響下會有不同程度的調整。相比之下，活著的真菌去除滴滴伊的效果比粗酶製 
備品優勝。 •  
在土壤體系中’利用一次出薛的後廢料可去除最高71.41 ± 8.44%的滴滴 
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Chapter I Introduction 
1.1 Persistent organic pollutants 
The United Nations calls those organopollutants which receive greatest 
attention, persistent organic pollutants (POPs) whilst the US EPA calls them 
persistent, bioaccumulative and toxic chemicals (PBTs). These POPs have four 
special features: First, they are persistent in the environment having half-lives more 
than 180 days. Besides, they are bioaccumulative which mean that they can 
accumulate in the organisms along the food chain. Another feature is that they are 
able to go for long range environmental transport which circulates globally and 
present in all environmental compartments. The last but the most important feature is 
that they cause adverse effects either on human health or the environment. Therefore, 
they require priority in removal (UNEP, 2001). Stockholm Convention is a global 
treaty to protect human health and the environment from POPs. It entered into force 
after 50 nations ratified the document. Governments will take measures to minimize 
and eliminate the production, import, export, disposal and use of POPs in order to 
reduce the release of POPs into the environment. Twelve POPs were selected: aldrin, 
chlordane, DDT, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, toxaphene, 
PCBs and PCDDs/PCDFs (UNEP, 2004). Among these POPs, nine are 
organochlorine pesticides which have been extensively used around the world for 
crop protection and disease vector control after the World War II (Wong et al, 2005). 
They are highly toxic and very persistent in the environment due to their inherent 
structures which possess chlorine atom(s). . 
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1.2 DDT and DDE 
1.2.1 Background 
1,1,1 -Trichloro-2,2-bis(4-chloropheny l)ethane (DDT) was discovered 
accidentally and used extensively during the World War II for controlling 
mosquito-bome malaria and insects which might carry diseases such as dengue fever 
and typhus. It was then used widely to control insects on agricultural crops. Due to 
its low cost and versatility against various pests, it has been commonly applied in 
many developing countries of Asia and Africa (Beard, 2006; Gaw et al, 2006). 
However, the chemical stability and lipophilicity also result in DDT being only 
slowly eliminated in the environment and being bioaccumulated along the food 
chains. 
By the mid 1950s, animal studies revealed that exposure to DDT may have 
adverse impacts particularly on the success of reproduction (Bumpus et al, 1993; 
Anthony and Focht, 1998; Beard, 2006). Biological sampling in the 1960s showed 
increasing DDT levels in most human communities which are mainly due to the 
exposure to residues in food. Because of increasing environmental concern, it was 
then banned for general use in many developed nations such as the United States and 
Sweden except in cases of public health emergency after 1973. The production and 
agricultural use of DDT were banned in China in 1983. China has reqiiested for 
specific exemption on the use of DDT under the Stockholm Convention, A small 
amount of DDT was stored in China and readily available for the prevention of the 
spreading of malaria (Gong et al, 2004; Wong et al, 2005; Xue et al., 2005). 
1,1 -Dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE) is the stable metabolite of 
DDT. DDE itself has no commercial use, but it is commonly detected in environment 
containing DDT and it has been considered to be a dead-end metabolite of DDT 
formed under oxidizing condition (Bumpus et al,, 1993; Aislabie et al, 1999). 
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Besides, DDE is much more persistent and potent than its parent compound, it is 
highly toxic and is classified as a Group B2 probable human carcinogen by the US 
EPA (USEPA, 1998). 
Technical DDT is typically composed of 77.1 % p,p'-DDT, 14.9 % o,p，-DDT，4 
o/o p，p，-DDE and trace amount of impurities. DDE, to less extent as DDD, is the 
major residue accumulated in the food chain. Total DDT includes several forms: 
p，p，-DDT’ o，p，-DDT, p’p，-DDE，o,p，-DDE，p，p，-DDD and o，p，-DDD’ which 
p，p，-DDT (isomeric and predominant form of technical DDT) and p’p，-DDE 
(primary metabolite) are the most common forms (Wong et al, 2005; Zhu et al., 
2005). The physical and chemical properties of p,p'-DDE are shown in Table 1.1. 
Table 1.1 Physical and chemical properties ofp,p'-DDE (ADSTR, 2002). 
Property p,p’-DDE 
Molecular weight 318.03 
Color White 
Physical state Crystalline solid 
Melting point 
Boiling point 336。C 
Density No data 
Odor No data 
~ ~ ~ Iwater 0.12 mg/L at 25°C 
Solubility 
Organic solvents Lipids and most organic solvents 
D — . ‘ L o g W ^ 
Partition coefficients ： 
|Log Kocb ^ 
ajCow: Octanol-water partition coefficient is the ratio of the concentration of a chemical in 
octanol and in water at equilibrium and at a specified temperature. 
bKoc: Carbon matter partition coefficient describes partitioning of a chemical between 
aqueous phase and soil in contact with water. 
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1.2.2 Health effects 
Acute, oral exposure to high doses of DDT in humans results in adverse effects 
on central nervous system (CNS), such as headaches, nausea and convulsions 
(ATSDR, 2002). The only effect noted in epidemiologic studies of workers exposed 
to DDT and other pesticides was an increase in activity of liver enzymes. The 
possible association between exposure to DDT and various types of cancers in 
humans has been studied extensively, particularly breast cancer. Thus far, there is no 
conclusive evidence linking DDT and related compounds to cancer in humans (as 
reviewed by Safe, 2004 and Beard, 2006). 
Animal studies have reported an increased incidence of liver tumors in mice and 
hamsters, and thyroid tumors in female rats from oral exposure to DDE (as reviewed 
by ATSDR, 2002). Scarce information is available on the acute (short-term) or 
chronic (long-term) effects of DDE. DDE has antiandrogenie properties and has been 
shown to alter the development of reproductive organs when administered 
perinatally to rats (Kelce et al, 1995). There have been studies in humans suggesting 
that high DDT/DDE burdens may be associated with alterations in end points that 
are controlled by hormonal function such as duration of lactation, maintenance of 
pregnancy, and fertility (as reviewed by Beard, 2006). 
1.2.3 Environmental exposure of DDE 
Although DDT has been banned for more than two decades in China while 
more in the USA and most developed nations, DDT and its metabolites are still 
detectable in the world. Table 1.2 summarizes the concentrations of DDT 
components in different environmental samples examined by different researchers 
around the world (Aigner et al.’ 1998; Connell et a/., 1998; Hamer et al.，1999; 
Richardson and Zheng, 1999; Yuan et al, 2001; Gong et al, 2002 and 2004; Louie 
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and Sin, 2003; Miersma et ai, 2003; Zhang et al., 2004; Chan, 2005; Chen et al., 
2005; Gaw et al, 2006; Zhu et al, 2005). The Dutch list, which is a very stringent 
environmental quality guideline are developed based on a 'good for all uses' 
philosophy (EPD, 1994). In Dutch standard, the intervention values of ZDDTs are 
0.01 ug/L and 4.0 mg/kg in groundwater and soil. While for China, concentration of 
DDIs should be lower than 1.0 ug/L in groundwater for drinking, commercial and 
irrigation water for protecting the human health. Besides, the soil ZDDTs 
concentration should not exceed 0.5 mg/kg for agricultural soil (State Environmental 
Protection Administration of China, 1995). However, both agencies do not have 
guidelines concerning the allowable level of ZDDTs in surface water. In Table 1.2, 
most soil samples collected from different parts of China exceeded the 0.5 mg/kg 
agricultural soil reference and some samples from other countries also exceeded the 
intervention value of the Dutch list. 
Under aerobic conditions, soil DDT is progressively transformed by a range of 
biotic and abiotic processes mainly to form the stable and toxic metabolite DDE 
(Aislabie et al, 1999; Chen et al, 2005). The rate of transformation depends on 
several factors such as soil type, temperature, moisture and organic carbon content 
(Hamer et al., 1999; Zhu et al, 2005). As discussed by many researchers, the ratio of 
DDT: DDE, or its reciprocal value (DDE/DDT), has been used to determine recent 
inputs of DDT. A decreasing trend of DDT: DDE ratio should be observed with time 
as it is supposed to have no further input of DDT to the environment after the ban. In 
general, a smaller value of the DDT: DDE ratio is indicative of aged DDT and a 
value greater than one indicates fresh application. Although it was assumed that the 
use of DDT has been banned for more than 20 years in China and other developed 
countries, the current concentration levels and the ratio of DDT: DDE in soils 
samples tested (Table 1.2) appeared to be too high to be residuals after more than 20 
、 5 
years. It is believed that DDT is used illegally in China to have such a high residual 
concentration. Besides, new source is likely from the widely used pesticide Dicofol 
which is usually manufactured from technical DDT, and it contains 5 to 10 % of 
DDT as impurity (Aigner et al, 1998; Harner et ai, 1999; Gaw et al, 2006; Chen et 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.2.4 Level of DDE in human 
DDT, DDE, and DDD are accumulated in fatty tissues, with tissue 
concentrations typically increasing with the trophic level of the organism (ATSDR, 
2002; USEPA, 1998). The predominant route of exposure of the general public to 
DDT and its metabolites is through the diet. 
The level of ZDDTs in human breast milk is commonly used to reflect the body 
burden and degree of exposure over time in the general population. A worldwide 
decreasing trend in DDE + DDT is commonly observed in the human breast milk 
(Noren and Meironyte, 2000). The mean concentration of p’p，-DDE decreased from 
1.93 to 0.63 ug/g fat and 1.60 to 0.43 ug/g fat in breast milk collected from New 
Zealand and UK during 1987 to 1998 and 1979 to 1998, respectively, whereas the 
mean concentration of p，p，-DDE + p,p'-DDT decreased from 2.01 to 0.65 ug/g fat 
and 1.71 to 0.47 ug/g fat in breast milk collected from New Zealand and UK during 
the same period, respectively (as reviewed by Wong et al, 2005). By comparing all 
the data available concerning the ZDDTs in human milk from 19 countries, Wong et 
al. (2005) revealed that the Chinese populations exhibit rather high concentration of 
iDDTs (1.72 to 2.48 ug p,p'-DDE/g fat and 1.96 to 3.55 ug p，p，-DDE + p,p'-DDT/g 
fat during 1998 to 2002). The high concentrations of ZDDTs in milk might be due to 
the fact that China has been a major producer and consumer of DDT in the past, and 
resulted in higher ZDDTs background levels in various ecological compartments. 
High dietary intake due to contamination of food especially the coastal residents who 
consume a large amount of fish may also be the reason related to the high body 
loading of DDT (Kunisue et al, 2004; Wong et al, 2005). •“ 
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1.2.5 Biodegradation of DDE 
Since biodegradation studies generally focus on the loss of the parent 
compound rather than complete degradation or mineralization, and since DDT is 
initially biodegraded to DDD or DDE, there may still be dangerous compounds 
remaining after almost all of the initial DDT has biodegraded. During biodegradation 
of DDT, both DDE and DDD are formed in soils. Both metabolites may undergo 
further transformation but the extent and rate are dependent on soil conditions and, 
possibly, microbial populations present (Hamer et al., 1999; Zhu et al, 2005). The 
degradation pathways of DDT under aerobic and anaerobic conditions have been 
reviewed (Aislabie et al, 1997; Zook and Feng, 1999). Ligninolytic or 
lignin-degrading fungi have been shown to possess the biodegradative capabilities 
for metabolizing a large variety of persistent compounds, including DDT. 
Mineralization of DDT and DDE was even observed in laboratory experiments 
using a member of this group of fungi, Phanerochaete chrysosporium (Bumpus et al., 
1987 and 1993). Other soil microorganisms, such as Aerobacter aerogenes, 
Pseudomonas fluorescens, E. coli, and Klebsiella pneumoniae, have also been shown 
to degrade DDT under both aerobic and anaerobic conditions, forming 
4-chlorobenzoic acid and DDE, respectively (Singh et aL, 1999). 
Biodegradation of DDT and its metabolites requires co-metabolism, a process 
in which the microbes derive nutrients for growth and energy from sources other 
than the compound of concern. DDE, the dominant DDT metabolite found, is often 
resistant to biodegradation under aerobic and anaerobic conditions (Strompf and 
Thiele, 1997，ATSDR, 2002). 
Few studies using only one microorganism were reported to degrade DDE. 
Recent studies showed that both aerobic bacterium Terrahacter sp. strain DDE-1 and 
white rot fungus (WRF) Phanerochaete chrysosporium can degrade DDE in liquid 
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cultures (Bumpus et al, 1993; Aislabie et al., 1997 & 1999; Singh et al, 1999). In 
the proposed degradative pathway via ligninolytic enzyme system of white rot 
fungus P. chrysosporium, DDE was first undergone dechlorination through oxidation 
to form DBP, 4，4’-dichlorobenzophenone. After a series of ring cleavages, DBP was 
then mineralized into carbon dioxide. However, only mineralization of DDE was 
examined in nitrogen-limited liquid culture. Therefore, whether it is practicable to 
treat DDE contaminated soil is unknown. For the study using bacterium Terrabacter 
sp. strain DDE-1, biphenyl which is a hazardous substance (Oral (rat) LD50 = 2,400 
mg/kg, ChemWatch, 2003) was used. When induced with biphenyl, this bacterium 
degraded DDE incompletely by dechlorination through hydroxylation，oxidization, 
carboxylation and ring cleavage to form chlorinated aromatic compound, 
4-chlorophenylacetic acid. Besides, 4-chlorobenozic acid (Oral (rat) LD50 = 1,170 
mg/kg, Chem Watch, 2003) can also be generated through another pathway which is 
more toxic than biphenyl. Therefore, it seems that white rot fungal system is a better 
system, but it is still an unknown whether such a system can degrade DDE in soil 
system. 
1.3 Remediation methods 
1.3.1 Physical/ chemical treatment 
Physical/chemical treatment uses the physical properties of the contaminants or 
the contaminated medium to destroy (i.e., chemically convert), separate, or contain 
the contamination. Volatile organic pollutants available from air emissions or off-gas 
can be treated by several methods such as scrubbers and vapor phase carbon 
adsorption. Scrubber is an air washer with refinement device which is used for 
cleaning gases from soluble or particulates. The target contaminant groups for 
scrubbers are HCl, H2SO4, chlorine, SO2, acidic v叩ors and alkaline vapors. While 
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for vapor phase carbon adsorption, the off-gases are pumped through a series of 
canisters or columns containing activated carbon to which organic contaminants 
adsorb. However, periodic replacement or regeneration of saturated carbon and 
further treatment of the concentrated pollutants are required (FRTR, 2005). 
Examples for the physical or chemical treatment technologies for water are 
in-well air stripping and adsorption/absorption, which the former is in-situ and the 
later is ex-situ treatment method. Air is injected into a double screened well, lifting 
the water in the well and forcing it out the upper screen during in-well air stripping. 
Simultaneously, additional water is drawn in the lower screen. Once in the well, 
some VOCs in the contaminated ground water are transferred from the dissolved 
phase to the vapor phase by air bubbles. The contaminated air rises in the well to the 
water surface where vapors are drawn off and treated by a soil vapor extraction 
system. On the other hand, the solutes were concentrated at the surface of a sorbent 
in liquid adsorption, thereby reducing their concentration in the bulk liquid phase 
(FRTR, 2005). 
Soil vapor extraction uses the contaminant's volatility to separate it from the 
soil. Soil flushing uses the contaminant's solubility in liquid to physically separate it 
from the soil. Surfactants may be added to the flushing solution to increase the 
solubility o f a contaminant. Solidification/stabilization also uses both physical and 
chemical means. Solidification encapsulates the contaminant, while stabilization 
physically alters or binds with the contaminant. Incineration is the use of high 
temperature, 870 to 1，200。C, to volatilize and combust (in the presence of oxygen) 
halogenated and other refractory organics in hazardous wastes. Often auxiliary fuels 
are employed to initiate and sustain combustion. The destruction and removal 
efficiency (DRE) for properly operated incinerators exceed the 99.99% requirement 
for hazardous waste and can be operated to meet the 99.9999% requirement for 
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PCBs and dioxins (FRTR, 2005). In situ vitrification (ISV) Technology is designed 
to treat soils, sludges, sediments and mine tailings contaminated with organic, 
inorganic, and radioactive compounds. The organic compounds are pyrolyzed and 
reduced to simple gases which are collected under a treatment hood and processed 
prior to their emission to the atmosphere. Inorganic and radioactive contaminants are 
incorporated into the molten soil which solidifies to a vitrified mass similar to 
volcanic obsidian (USEPA, 2001). 
However, the methods mentioned before may be expensive and not effective in 
treating environmental compartments which contain low to medium concentration of 
DDE. Moreover, some physical/chemical methods such as in situ vitrification and 
incineration used to treat soil do not allow the reuse of treated soil in agricultural 
mean. This would be a waste of valuable soil that can be used to generate food for 
supporting the world population. 
1.3.2 Bioremediation 
Bioremediation techniques are destruction techniques directed toward 
stimulating the microorganisms to grow and use the contaminants as a food and 
energy source by creating a favorable environment for the microorganisms. 
Generally, this means providing some combination of oxygen, nutrients, and 
moisture and controlling the temperature and pH. Sometimes, microorganisms 
adapted for degradation of the specific contaminants are applied to enhance the 
process (Boopathy, 2000; Pointing, 2001; Gianfreda and Rao, 2004). Biological 
processes are typically implemented at low cost. Contaminants can be destroyed and 
often little to no residual treatment is required. However, the process requires more 
time and it is difficult to determine whether the contaminants have been destroyed. 
Although not all organic compounds are amenable to biodegradation, 
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bioremediation techniques have been successfully used to remediate different 
environmental compartments contaminated by petroleum hydrocarbons, solvents, 
pesticides, wood preservatives and other organic chemicals (Reddy，1995; Yadav et 
al., 1995; Shah and Nerud, 2002; Steffen et al., 2003; Torres et al., 2003; Novotny et 
al., 2004; Rodriguez et al, 2004). However, bioremediation is not applicable for 
treatment of inorganic contaminants. The rate at which microorganisms degrade 
contaminants is influenced by the specific contaminants present and their 
concentrations, oxygen supply, moisture, temperature, pH，nutrient supply, 
bioaugmentation and cometabolism. In situ biological treatment technologies are 
sensitive to certain soil parameters. Treatability studies are typically conducted to 
determine the effectiveness of bioremediation in a given situation (FRTR, 2005). 
1.4 Fungal Bioremediation 
Fungal bioremediation involves the use of lignin-degrading enzymes secreted 
extracellularly by fungi such as laccases (Lac) and manganese peroxidase (MnP), 
generating the free radicals which display a high degree of non-specificity to 
transform and/or mineralize a broad spectrum of recalcitrant contaminants. These 
lignin-degrading fungi and their enzymes were demonstrated in laboratory studies to 
decolorize dye in effluent discharged from textile industry and waste water 
discharged from fermentation processes such as molasses wastewater (reviewed by 
Reddy, 1995; reviewed by Shah & Nemd, 2003; Moredo et al., 2003; Yang, et al., 
2003; Vahabzadeh et aL, 2004). Other than dye decolorization, lignin-degrading 
fungi and their enzymes were also demonstrated to degrade or even mineralize a 
number of persistent organic pollutants in both water systems and soil systems using 
artificial spiked soil and soil from contaminated sites. These contaminants include 
halogenated pesticides such as pentachlorophenol and chlorophenols (Law et al, 
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2003; Rodriguez et al, 2004; Yau, 2005; Davila-Vazquez et al, 2005), banned 
pesticide DDT and its dead-end metabolite DDE (Bumpus et al, 1987 & 1993; Gong, 
2003), polycyclic aromatic hydrocarbons (PAHs) (Bezalel et al., 1996; Eggen & 
Majcherczyk, 1998; Lau et al., 2003; Steffen et al., 2003; Dodor et al., 2004) and, 
polychlorinated biphenyls (PCBs) and their toxic metabolites hydroxy PCBs (Eaton, 
1985; Dietrich et al.’ 1995; Yadav et al., 1995; Kubatova et al, 2001; Keum & Li， 
2004). 
1.5 Ligninolytic enzymes 
Three major types of extracellular lignin-degrading enzymes are produced by 
lignin-degrading fungi: laccase, lignin peroxidase (LiP) and manganese peroxidase 
(MnP). Varying combinations of these enzymes are produced by different species of 
lignin-degrading fungi (Reddy, 1995; Tuor et al., 1995; Mester & Tien，2000). These 
enzymes often produced in multiple forms which encoded by different genes and 
their alleles (Collins & Dobson，1997; Galhaup et al., 2002). These isoforms differ 
mostly in their isoelectric points and their catalytic properties toward different 
substrates (Martinez et al., 1996; Sarkar et al, 1997; Hofrichter, 2002; Bermek et al., 
2004; Kamitsuji et al., 2004). The isoelectric points of these enzymes and their 
isoforms are usually rather acidic, indicating that they give better performance in 
acidic environment having low pH. 
- 1.5.1 Laccase 
Laccases (EC 1.10.3.2) are a group of multi-copper enzymes that use molecular 
oxygen to oxidize various aromatic and non-aromatic compounds by a 
radical-catalyzed reaction mechanism (Soden & Dobson, 2001 & 2003; Claus, 2004). 
They are widespread in plant and fungi. As one of the most important 
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lignin-degrading enzymes, fungal laccases are present in most of the 
lignin-degrading fungi and well studied (Kahraman & Gurdal, 2002; Kumar et al., 
2003; Valderrama et al., 2003; Hoegger et al., 2004; Souza et al., 2004). In addition 
to their prominent role in delignification, fungal laccases participate in various 
physiological processes such as rapid cell growth and formation of primordia, 
conidial pigmentation, fruiting body and spore formation and plant pathogenesis 
(Arora & Gill 2000; Kumar et al., 2003; Gonzalez et al, 2003; Souza & Peralta, 
2003). Fungal laccases may also act in defeating oxidative stress and detoxification 
of pollutants (Hoegger et al, 2004). 
Fungal laccase is an extracellular glycoprotein with different levels of 
glycosylation varying from 22 to 45% (Kumar et al., 2003). The molecular masses of 
laccases ranged from 50 to 300 kDa and they have acidic isoelectric points around 
pH 3 to 4 (Heinzkill et al., 1998; Mester & Tien，2000; Claus, 2004; Hakala et al, 
2005). The redox potential of laccases is around 0.5 to 0.8 V which is relatively 
lower than the other two lignin-degrading enzymes. A number of typical 
fermentation factors affect laccase production. These include medium composition, 
carbon and nitrogen ratio, pH, temperature and aeration rate (Lee et al., 1999; 
Kahraman & Gurdal，2002). 
Industrial use of laccase and other enzymes is not only hampered by the high 
production cost but also by the instability of the enzymes. Most of the purified 
laccases are thermally stable at temperature below 40°C and become unstable at 
• temperature higher than 50。C where the enzymatic activities decreased quickly after 
1-hour incubation (Heinzkill et al., 1998; Souza & Peralta，2003; Famet et al.’ 2004). 
Thermostable laccase from an unidentified fungus was isolated recently and the 
isolation aims at improving their industrial applicability and attractiveness (Jordaan 
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et al, 2004). The optimum temperature of this thermal stable laccase was 70。C and 
retained its maximal activity for 9 hours at 60。C (Jordaan et al, 2004). 
As illustrated in Figure l . l , laccase uses oxygen as an electron acceptor to 
remove hydrogen radicals from phenolic hydroxyl groups. Consequently, free 
radicals formed can undergo rearrangements which lead to subsequent 
non-enzymatic reactions include alkyl-aryl cleavage, oxidation of benzyl alcohols, 
cleavage of side chains and aromatic rings (Palmieri et al, 2000; Shleev et al., 2003). 
Although laccase possesses a relatively low redox potential than the other two 
lignin-degrading enzymes, lignin peroxidase (LiP) and manganese peroxidase (MnP), 
f 
and this does not favour the oxidation of non-phenolic compounds, its substrate 
range can be enhanced in the presence of appropriate redox mediators. 
As shown in Figure 1.2, with the involvement of mediator such as 
1 -hydroxybenzotriazole (HBT) and 2,2'-azinobis-3-ethylebenzothiazole-6-sulfonic 
acid (ABTS) which are low molecular weight compounds that can be easily oxidized 
by laccases to produce very unstable and reactive cationic radicals. These radicals 
can then oxidize more complex substrate, for example, non-phenolic compounds 
which originally cannot be oxidized by laccases, before returning to their original 
state (Mester & Tien, 2000; Torres et al, 2003). Different species have particular 
responses to nutrients, for example, LiP and MnP activities are completely 
suppressed in Phanerochaete chrysosporium under conditions of excess nitrogen and 
carbon whereas laccase and MnP activities are detected in Pleurotus spp. under both 
. nutrient rich and deficient conditions (Fu et al., 1998). 
Besides nutrients, enhanced de novo biosynthesis of laccases in various fungi 
by either natural or synthetic aromatic inducers was well documented. These 
inducing substances are structurally related to lignin or lignin derivatives which 
stimulate the laccase production. These inducers include agricultural-industrial 
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wastes such as cotton stalk (Kahraman & Gurdal, 2002), barley bran, barley straw 
and grape stalks (Moldes et al., 2004), metal co-factors, for example, Cu^^ and Mn "^^  
(Collins & Dobson, 1997, Schee丨 et al., 2000), phenolic compounds such as tannic 
acid (Carbajo et al., 2002), ethanol, ferulic acid (FA), vanilic acid, caffeic acid, 
p-coumaric acid, vanillin, syringaldazine gallic acid, guaiacol, veratryl alcohol (VA) 
and 2,5-xylidine (Lee et al.’ 1999; Galhaup et al., 2002; Souza et al, 2004). Purified 
laccase increased their activities by the addition of several mediators, e.g. Ca "^" and 
Cu2+ (Souza & Peralta，2003). Carbajo et al. (2002) suggested that the increase of 
laccase activity could be due to the results of increased production of mRNA, 
stability of laccase mRNA transcripts, production of active protein or half-life of 
laccase protein. 
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Figure 1.1 The catalytic cycle of laccase (Breen & Singleton，1999; Shah & 
Nerud, 2002). 
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Figure 1.2 The catalytic cycle of laccase via a mediator (Breen & Singleton， 
1999; Shah & Nerud, 2002). 
、 19 
1.5.2 Peroxidases 
Peroxidases are heme-containing enzymes that use hydrogen peroxide as the 
electron acceptor to catalyze a number of oxidative reactions. They are found in 
bacteria, fungi, plants and animals. On the basis of sequence similarity, fungal, plant 
and bacterial peroxidases can be viewed as members of a superfamily consisting of 
three major classes: class I makes up of bacterial and intracellular peroxidases, class 
II comprises fungal secretory peroxidases while class III includes secretory plant 
peroxidases (Hilden et al., 2005). The two peroxidases produced by lignin-degrading 
fungi are manganese peroxidase and lignin peroxidases. Both of them were first 
described in P. chrysosporium (Martinez, 2002; Shah & Nerud, 2002; 
Davila-Vazquez et al., 2005). 
1.5.2.1 Manganese Peroxidase (MnP) 
MnP (EC 1.11.1.13) is quite specific for reducing substrates and only Mn(II) 
efficiently supports the enzyme turnover. Direct oxidation of Mn(II) to Mn(III) is the 
characteristic of MnP. Like the two other lignin-degrading enzymes, MnP occurs as a 
series of isozymes encoded by a family of genes. The molecular masses and 
isoelectric points (pis) of these isozymes range from 35 to 62.5 kDa, and 2.8 to 5.4 
respectively. However, the molecular masses of purified MnPs are around 45 kDa 
(Mester & Tien, 2000; Leonowicz et al, 2001; Hofricheter, 2002). MnP oxidizes 
phenolic substrates by the generation of Mn(III) from Mn(II), where the generated 
-Mn ( I I I ) is a strong oxidizer having a redox potential of 1.54 V. Purified MnPs were 
stable at temperature below 50。C within 1 hour and their stability decreased with 
time (Hoshino et al.’ 2002; Bermek et al., 2004). Exceptional case can also be found 
with the MnP activity of crude enzyme solution from Pleurotus pulmonarius raised 
with elevated temperature even up to 75。C during operation (Tsang, 2004). 
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The catalytic cycle of MnP is very similar to other peroxidases but its preferred 
reducing substrate is Mn(II). As illustrated in Figure 1.3, the catalytic cycle of MnP 
is initiated by binding of hydrogen peroxide or an organic peroxide, for example 
peracetic acid, to the native ferric enzyme and oxidized to a two electron oxidized 
intermediate, MnP compound I and a water molecule. Subsequent reduction of MnP 
compound I to MnP compound II and finally MnP compound II to the native MnP 
occur, and the second water molecule is released and accomplished by the oxidation 
of Mn(II) to Mn(III) (Sundaramoorthy et al, 1997; Mester & Tien，2000). Mn(III) 
generated is unstable. Therefore it is chelated with organic acids such as oxalate, a 
metabolic product of lignin-degrading fungi. This stable complex is capable to 
oxidize various phenolic substrates and it can act as stable diffusing oxidizers to 
oxidize substrates at a distance away from the active site of MnP (Sundaramoorthy et 
al., 1997; Band et al., 1999; Martinez, 2002). MnP compound I is also able to 
oxidize a number of phenolic substrates but with a less efficiency than Mn(II) 
(Mester & Tien, 2000; Hofrichter, 2002). 
On the other hand, MnP compound II absolutely requires Mn(II) as substrates 
(Band et al, 1999; Mester & Tien, 2000). MnP is sensitive to high concentrations of 
peroxide in which a reversible inactivation of the enzyme happens and the enzyme is 
oxidized to MnP compound III (Fe^CV - Fe"02), a catalytically inactive oxidation 
state, in the presence of excess peroxide (Hofrichter, 2002; Shah & Nemd, 2002). A 
number of substrate mediators were found to enhance the activity of MnP which 
-makes it effective in application such as pulp bleaching. These mediators include 
Mn(II), glutathione (GSH), Tween 80, guaiacol and unsaturated fatty acid 
(Hofrichter et al., 1999; Mester & Tien, 2000; Bermek et al., 2002 & 2004; Gill & 
Arora, 2003). 
The MnP/Mn(II) couple is not able to oxidize non-phenolic lignin model dimers 
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as UP does. Nevertheless recent studies have reported that a third type of peroxidase, 
called versatile peroxidase (VP), in addition to Mn(II), is also capable to oxidize 
both phenolic and non-phenolic aromatic compounds and thus regarded as hybrid 
forms of UP and MnP (Davila-Vazquez et al, 2005). Such enzymes have been 
described for Pleurotus eryngii, Pleurotus ostreatus, Pleurotns pulmonarius, 
Bjerkandera adusta and Bjerkandera sp. BOS55 (Martinez et al., 1996; Heinfling et 
al., 1998; Camarero et al., 1999; reviewed by Shah & Nemd, 2002; Davila-Vazquez 
et al., 2005). This special MnP can directly oxidize hydroquinones and substituted 
phenols that are not oxidized efficiently by UP or MnP in the absence of veratryl 
alcohol or Mn(II) respectively. VP can also oxidize dyes with high redox potential 
that can only oxidized by LiP in the presence of veratryl alcohol (Heinfling et al.’ 
1998; reviewed by Martinez, 2002). 
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Figure 1.3 The catalytic cycle of manganese peroxidase. RH, phenolic and 
non-phenolic aromatic compounds, R', radical (Breen & Singleton, 1999; 
Mester & Tien, 2000; Hofrichter, 2002; Shah & Nerud，2002). 
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1.5.2.1 Lignin Peroxidase (LiP) 
In contrast to MnP, LiP (EC 1.11.1.14), as first designated as "ligninase", has a 
broader range of reducing substrates and a stronger oxidizer that can oxidize both 
non-phenolic and phenolic aromatic compounds. LiP is also expressed in multiple 
forms with molecular weights from 37 to 47 kDa mdpis between 3 to 5 (Leonowicz 
et al, 2001; Shah & Nerud, 2002). Very different from MnP, LiP acts on the aromatic 
rings of the substrates causing the abstraction of a single electron that leads to the 
formation of a cation radical and subsequent cleavage reactions (Moredo et al., 
2003). It has much higher redox potential and low pH optima (2.5 to 3.0) than other 
peroxidases. LiP can oxidize PAHs having ionization potential lower than 7.7 eV 
(Leonowicz et al., 2001; Torres et al., 2003). LiP was first isolated from a culture of 
P. chrysosporium and due to its ability to degrade lignin and lignin relative 
compounds non-specif丨cally，it is then used as the model organism and became well 
studied (Scheel et al.’ 2000; Leonowicz et al, 2001). Nevertheless, the optimum 
growing temperature for P. chrysosporium is around 36 to 45'C while its maximum 
growth temperature ranged between 46 to 55°C (Tuomela et al, 2000). Besides, it 
requires special growth conditions (ligninolytic conditions) to produce LiP 
(Rodriguez et al, 2004). Both of these limited the potential application of LiP in 
either industries or environmental remediation. 
As shown in Figure 1.4，the catalytic cycle of LiP is the same to those of MnP 
that hydrogen peroxide or organic hydroperoxides is necessarily required for the 
activation of the native ferric LiP enzyme except both compound I and II can oxidize 
both non-phenolic and phenolic compounds with the generation of free radical 
products. The radical intermediate formed can then act on lignin or other substances 
(Breen & Singleton，1999; Leonowicz et al, 2001; Torres et al., 2003). Veratryl 
alcohol (VA), fungal secondary metabolite, is an ideal reducing substrate for both 
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compound I and II and thus plays an important role in stimulating UP oxidation of a 
wider range of substrates (Mester & Tien, 2000; Shah & Nerud，2002). 
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Figure 1.4 The catalytic cycle of lignin peroxidase. RH , phenolic and 
non-phenolic aromatic compounds, R ' , radical (Sundaramoorthy et aL, 1997; 
Banci et al” 1999; Hofrichter, 2002; Shah & Nerud，2002). 
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1.6 Cultivation oi Pleurotus pulmonarius 
World mushroom production reached 3,214,071 Metric ton in year 2004 (FAO, 
2004). The solid wastes generated from commercial mushroom cultivation, called 
spent mushroom compost (SMC), pose stress to the landfill. Actually, SMC contains 
a diverse group of microorganisms for degradation. It is immobilized with 
ligninolytic enzymes such as LiP, MnP and Lac. These enzymes display a high 
degree of non-specificity by carrying out oxidation to generate free radicals to act on 
lignin and they were demonstrated to transform or/and mineralize a wide range of 
POPs (Bumpus et al, 1985, 1987 & 1993; Novotny et al, 1999; Kubatova et al., 
2001; Zheng et al., 2002; Law et al., 2003). The advantages of using SMC as a 
bioremediating agent are cheap supply and alleviate the cost and problem of disposal 
(Chiu et al.’ 1998). The SMC removed effectively two organopesticides and four 
PAHs in the laboratory scales (Lau et al, 2003; Law et al., 2003). Besides, the SMC 
is rich in nutrients which can act as a fertilizer to increase the nutrient contents of the 
soil. However, the amounts of ligninolytic enzymes in the SMC would be decreased 
after harvesting and thus the degradative ability decreases while living fungal 
compost has the advantage of continuous production of ligninolytic enzymes which 
are not reproducible by SMC. Therefore, both the living fungal compost and the 
SMC from mushroom cultivation have their own advantages as a bioremediating 
agent which they could be a good source for cost-effective utilization of ligninolytic 
enzymes to treat contaminated land. 
Sales volume of oyster mushrooms is up 22% in year 2004-2005 (FAO, 2004). 
Pleurotus species can cultivate on a wide range of lignocellulosic wastes such as 
straw and sawdust (Philippoussis et al, 2000; Velazquez-Cederio et al, 2002; 
Salmones et al., 2005). Pleurotus pulmonarius is one of the oyster mushrooms which 
、 
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are commonly cultivated and consumed around the world with a relatively short 
fruiting cycle of 28 days. It secretes two ligninolytic enzymes, namely laccase and 
manganese peroxidases. Up to now, there are 5 genes encoding manganese 
peroxidase and 8 genes encoding laccase in P. pulmonarius identified. P. 
pulmonarius has great potential to become a bioremediating agent as it is readily 
available, highly cost-effective, capable of removing a variety of organopollutants, 
easy and safe to operate without generating toxic and waste residues for disposal. 
1.7 Enzyme technology on environmental cleanup and its limitation 
Cell-fee enzymes of LiP, MnP and laccase from different fungi were 
demonstrated to degrade PAHs, estrogenic chemicals, PCP, PCBs and DDT (as 
reviewed by Gianfreda and Rao, 2004). Crude enzyme extract of a Brazilian strain of 
Pleurotus pulmonarius was demonstrated to decolorize the mixture of different 
industrial dyes at optimal conditions after 2 hours (Souza et al, 2002). Crude 
enzyme preparation of Pleurotus pulmonarius P127 was able to degrade naphthalene, 
phenanthrene, PCP, p,p，-DDT and indigo carmine after 24 hours (Tsang, 2004). And 
the use of these enzymes in environmental cleanup usually does not generate toxic 
side-products such as sludges and are digested on-site by the indigenous 
microorganisms (Torres et al.’ 2003). 
However, the high cost associated with the isolation and purification of free 
enzymes limited their use in field application. Besides, enzymes are sensitive to 
changes in reaction media. Typical contaminated sites are non-enzyme friendly 
media which may contain metallic ions, reducing substrates (SH-), chlorides ions 
and alkaline pH values (Torres et al.’ 2003). Other limitations such as deactivation of 
the enzyme (peroxidases) by hydrogen peroxide, organic solvent, low stability of 
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enzymes toward changes in temperature and pH, presence of enzyme inhibitors, such 
as Hg(II), sodium azide and 2-mercaptoethanol, and chelating agents such as EDTA 
and EGTA (Boopathy, 2000; Souza and Peralta, 2003; Tsang, 2004; Gianfreda and 
Rao, 2004). 
It was found that the forms of crude enzyme preparation would affect the 
enzyme stability. Laccase was more stable in powder form than in liquid extract. 
Laccase activity of the crude enzyme extract prepared from the Brazilian strain of P. 
pulmonarius cultivated on wheat bran was maximal and only stable at 50°C for more 
than 6 hours (Souza et al, 2002). On the other hand, the MnP and laccase activities 
of the crude enzyme preparation prepared from P. pulmonarius P127 grown on 
straw-based compost were retained for one and two months, respectively, after 
freeze-dried into powder and stored at -70°C (Tsang, 2004). Therefore, crude 
enzyme preparation in powder form, which dose not involve any purification and 
thus has relatively lower production cost, would favour its application in 
bioremediation in the field. 
1.8 Aims and objectives of this study 
The aims of this study are to clean up DDE using fungal bioremediation by both 
the organism itself and its enzymes. The objectives are to: (1) find the best 
developmental stage of P. pulmonarius for providing the ligninolytic enzymes, (2) 
optimize the removal by biodegradation in soil system, and; (3) optimize the removal 
*by biodegradation and biosorption in water system. Besides, transcriptions of the 
ligninolytic enzyme-coding gene in DDE removal would be studied. Information 
obtained in this study will be used as a basis for cost-effective fermentation of these 
enzymes and for genetic improvement for the production of these enzymes. 
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Chapter II Materials and Methods 
2.1 Organism and growth conditions 
Pleurotus pulmonarius strain PL27 was maintained on potato dextrose agar 
(PDA) plate at 28。C and subcultured at biweekly basis. 
2.2 Cultivation and the expression of the ligninolytic 
enzyme-coding genes during solid-state-fermentation of edible 
mushroom Pleurotus pulmonarius 
In solid-state-fermentation, the compost was prepared and consisted of (w/w): 
straw, 86; wheat bran, 13 and lime, 1; and wetted to 60% (Chiu et al., 1998a). After 
fermentation, the substrate was packed into bags of 300.0 + 0.5 g and was sterilized 
by autoclaving at 12 rC for 1.5 h twice. Seven-day-old mycelium grown on PDA 
was used as an inoculum. The inoculated compost was incubated at 28°C for 28 days 
in darkness. Then the compost was illuminated and the plastic bags were torn open 
to increase aeration to promote fruiting. 
Mushroom yield was recorded for each flush. Ten bags of compost were taken 
at one mycelial stage of the mushroom cultivation. These stages were: vegetative 
growth with the compost partially colonized (day 15), vegetative growth with the 
compost fully colonized (day 28), first flush of fruiting F), first spent mushroom 
compost (ist SMC) which is the compost residue after the harvest of the first flush of 
fruiting bodies, second flush of fruiting (2"'' F) and second spent mushroom compost 
pnd SMC) which is the compost residue after the harvest of the second flush of 
fruiting bodies. Organ fruiting bodies from both flushes were also collected and 
divided into tissues cap and stem for later analysis. After collection, compost 
material and the fruiting bodies were stored immediately at -80°C. Protein content, 
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ligninolytic enzyme activities, fungal biomass in terms of ergosterol content and the 
transcriptional levels of ligninolytic enzyme-coding genes at both the mycelial stages 
and two tissues of organ mushrooms harvested were determined as to be mentioned 
in section 2.8 to 2.10. 
For soil system, the fungal inocula were the fully colonized compost (day 28) 
and first spent mushroom compost SMC). The former had the highest 
ligninolytic enzyme activities while the latter was regarded as solid waste from 
mushroom production. 
2.3 Treatment of DDE by living P. pulmonarius 
2.3.1 Optimization of DDE removal in broth system 
Experimental setup 
One-week old plate culture was subcultured onto complete medium (CM) and 
incubated at 28 土 2°C at 160 rpm. The CM contained, per litre, 20 g glucose, 2 g 
peptone, 2 g yeast extract, 1 g K2HPO4, 0.5 g MgSCVTHzO and 0.46 g KH2PO4. 
After one-week incubation, the biomass was filtered using a sterilized nickel sieve (2 
mm in diameter) with aseptic technique. The biomass was rinsed with autoclaved 
ultra-pure water for three times to remove residue nutrients from the medium. The 
biomass was then mixed with autoclaved ultra-pure water in a ratio of 1:3 (w/w) and 
blended using a Waring blender set at high speed for a total 2 minutes with 15-20 
seconds blending time and pause to avoid overheat. One ml of the mycelial 
homogenate prepared was then added to 29 ml minimal medium (MM) in a 50 ml 
conical flask and incubated at 28 ± 1°C and 150 rpm. The MM contained, per litre, 
20 g glucose, 1 g K2HPO4, 0.5 g MgS04.7H20 and 0.46 g KH2PO4. After 24 hours 
to let the mycelial homogenate to recover by regeneration of the hyphae, 0.3 ml DDE 
stock solution (dissolved in HPLC-grade methanol) was added to the culture and the 
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culture was then incubated at 28 土 1 °C and 150 rpm. In parallel, M M contained 0.3 
ml methanol (1.0% methanol) was acted as the positive control while MM without 
addition of methanol was acted as the negative control. In addition, M M with DDE 
but without fungal biomass was also preformed which is to determine the initial 
DDE concentration and to assess the stability of DDE under the same experimental 
conditions. After treatment, the fungal biomass was separated from the medium by 
filtration using a nickel sieve (2 mm in diameter) and rinsed with sterilized ultra-pure 
water. 
To determine the removal of DDE by biosorption and biodegradation, the 
fungal biomass and the medium (filtrate) were collected and extracted with 
hexane/acetone (1:1; v/v). The samples prepared were then injected into GC/ECD for 
quantitative analysis of residual DDE using procedures to be mentioned in section 
2.7. After solvent extraction the fungal biomass was placed in a pre-weighted 
aluminium cup and oven-dried in a 105°C oven until constant weight. After cooling 
in a desiccator, the dried biomass was weighed and the effects of DDE on the 
biomass development of the sample were calculated by mass difference. Protein 
content and specific ligninolytic enzymes activities in the medium (filtrate) were 
measured as described in section 2.8. RNA of the fungal biomass was extracted and 
the expression of the ligninolytic enzyme-coding genes during DDE removal was 
studied (section 2.10). All of the following experiments (samples and controls) were 
preformed in three replicates unless specified. 
2.3.1.1 Effects of initial DDE concentration on the removal of DDE 
DDE stock solutions (0.3 ml) were added to the broth culture after 24-hour 
recovery period to standardize the concentration applied in the culture to 0, 500, 
1000，2000，4,000^and 12,000 ^iM DDE/g mycelia (i.e. 0’ 3.98，7.95, 15.90，31.81 
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and 95.42 mg DDE/L MM). The culture was then incubated at 28 土 r C and 150 rpm 
for 7 days. The remaining procedures were the same as those in section 2.3.1. 
2.3.1.2 Effects of inoculum size on the removal of DDE 
M M contaminated with 4.0 mM DDE/g mycelia was used in this study. 
Different volumes of homogenate varied from 0，0.1，0.25, 0.50 and 1.00 ml were 
inoculated to the broth culture and the culture was incubated at 28 土 1°C at 150 rpm 
for 24 hours. After recovery period, 0.3 ml DDE stock solution was added to the 
culture to standardize the concentration applied in the culture to 4.0 mM DDE/g 
mycelia. The culture was then incubated at 28 ± r C and 150 rpm for 7 days. The 
remaining procedures were the same as those in section 2.3.1. 
2.3.1.3 Effects of incubation time on the removal of DDE and transcriptional 
profiles of the ligninolytic enzyme-coding genes 
A time course study of the degradation of DDE was conducted. DDE stock 
solutions (0.3 ml) were added to the cultures at two different doses: 4.0 and 10.0 mM 
DDE/g mycelia. The cultures were then incubated at 28 土 1。C and 150 rpm for 7 
days. Samples were collected at time 0，24 (addition of DDE to the system), 36，48， 
72, 96, 132 and 168 hours. The remaining procedures were the same as those in 
section 2.3.1. Meanwhile, RNA of the fungal biomass was extracted and first-stand 
cDNA was synthesized. Semi-quantitative RT-PCR (as mentioned in section 2.10) 
was carried out to detect expression of the ligninolytic enzyme-coding genes during 
DDE removal. 
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2.3.2 Optimization of DDE removal in soil system 
Experimental setup 
Agricultural soil from the Gene Garden, CUHK, was used in this study. Soil 
was first oven-dried. 5.000 ± 0.010 g soil with 50% moisture content were put into a 
100 ml flask. The whole setup was then sterilized by autoclaving at 121°C for 45 
minutes (HA-300P, Hirayahan, Japan). Sterilized soil was spiked with DDE stock 
solution. The methanol used to dissolve DDE was let evaporate overnight. Day 28 
living fungal compost was then inoculated into the flask. The DDE-contaminated 
soil and fungal compost were then mixed manually and shaken at 120 rpm for 24 
hours at room temperature with aseptic technique. The flask was incubated in the 
dark at room temperature afterwards. At the end of the treatment, residual DDE in 
the soil and fungal compost mixture were extracted with hexane/ acetone (1:1; v/v). 
The samples prepared were then injected into GC/ECD and GC/MS for both 
quantitative and qualitative analysis of residual DDE and putative identification of 
breakdown products by procedures to be mentioned in section 2.7. Protein and 
ligninolytic enzymes in the samples were extracted and determined as in section 2.8. 
Fungal growth was measured by ergosterol assay to be mentioned in section 2.9 to 
examine the effect of DDE on biomass development. In parallel, soil samples 
without fungal compost served as reference under the s m e experimental conditions 
in order to determine the initial amount of DDE used and DDE stability in soil. The 
differential expression profiles of the ligninolytic enzyme-coding genes during DDE 
removal would be determined (section 2.10). 
2.3.2.1 Effects of initial DDE concentration on the removal of DDE 
Day 28 living fungal compost was mixed with DDE-contaminated soil in a ratio 
of 1:1 (w/w). The concentrations of DDE tested were 0，0.05，0.5, 1.0, 4.0’ 10.0 and 
、 34 
50.0 mg/kg. 
2.3.2.2 Effects of inoculum size on the removal of DDE 
Different amounts of Day 28 living fungal compost (0，0.05, 0.25, 0.5，1.25, 2.5 
and 5.0 g) were inoculated to the treatment setup with 5.000 土 0.010 g soil 
contaminated 10.0 mg DDE/kg soil. 
2.3.2.3 Effects of incubation time on the removal of DDE 
A time course study of the degradation of DDE was conducted. Five grams 
(estimated oven-dry weight) Day 28 living fungal compost were inoculated into 
5.000 土 0.010 g soil with 10.0 mg DDE/kg in darkness at room temperature. By 
varying the incubation time from 0 to 21 days (0，1，5，10，15 and 21 days), the 
residual DDE content and its metabolites were investigated using GC/MS. The 
control, which indicated the stability of pesticides with time without the addition of 
fungal compost, was examined in parallel. The remaining procedures were the same 
as those in section 2.3.2. 
2.3.2.4 Transcription of the ligninolytic enzyme-coding genes 
A time course study on the transcriptional profiles of the ligninolytic 
enzyme-coding genes in DDE removal was conducted. Five grams (estimated 
oven-dry weight) Day 28 living fungal compost were inoculated into 5.000 + 0.010 g 
soil with 4.0 mg DDE/kg in darkness at room temperature. Samples were collected at 
0.5, 24，48，72 and 96 hours after inoculation. RNA of the fungus was extracted and 
first-stand cDNA was synthesized. Semi-quantitative RT-PCR (as mentioned in 
section 2.10) was carried out. 
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2.4 Treatment of DDE by SMC of R pulmonarius grown on 
straw-based compost 
2.4.1 Optimization of DDE removal in soil system 
Experimental setup 
The experiment was performed in the same manner as mentioned in section 
2.3.2 with ist SMC of P. pulmonarius as the fungal inoculum. The following 
parameters were studied: initial DDE concentration, inoculum sizes and incubation 
time as mentioned in section 2.3.2. 
2.5 Treatment of DDE by crude enzyme preparations of R 
pulmonarius grown on straw-based compost 
2.5.1 Optimization of DDE removal in broth system 
Experimental setup 
Freeze-dried crude enzymes from Day 28 and SMC of P. pulmonarius were 
prepared by procedure to be mentioned in section 2.11 and were added to aqueous 
solution contaminated with DDE. The treatment setup included crude enzyme 
powder, 4.8 mg Cu^"", 38.4 mg Mn^^ and 14.4 mg malonic acid, dissolved in 1.9 ml 
ultra-pure water (Tsang, 2004). 0.1 ml DDE stock solutions was added to the setup 
and incubated at 45 °C with shaking at 100 rpm (Tsang, 2004). After 24 hour 
treatment, residual DDE in the liquid sample was extracted following the procedures 
to be mentioned in section 2.7. The samples prepared were then injected into 
GC/ECD and GC/MS for both quantitative and qualitative analysis of residual DDE 
after treatment and putative identification of breakdown products. Control setup 
without the inclusion of crude enzyme preparations were run in parallel. The 
removal of DDE by crude enzymes was monitored with the following parameters. 
、 36 
2.5.1.1 Effects of initial DDE concentration on the removal of DDE 
Crude enzyme preparations (80 mg) from Day 28 or SMC of P. pulmonarius 
were added to the treatment setup with aqueous solution contaminated with 0，0.05, 
0.5’ 1.0，4.0，10.0 and 50.0 mg DDE/L in a total volume of 2.0 ml in a 50 ml screw 
test tube. 
2.5.1.2 Effects of amounts of crude enzyme preparations on the removal of 
DDE 
Different amounts of crude enzyme preparations from Day 28 of SMC of P. 
pulmonarius varied from 20，40，80，160 and 320 mg were added to the treatment 
setup contaminated with 10.0 mg DDE/L. 
2.5.1.3 Effects of incubation time on the removal of DDE 
Crude enzyme preparations (320 mg) from Day 28 of SMC of P. 
pulmonarius were added to the treatment setup contaminated with 10.0 mg DDE/L, 
and samples were collected at 0，3, 6, 9, 12 and 24 hours after addition of DDE stock 
solution. 
2.5.2 Optimization of DDE removal in soil system 
Experimental setup 
- C r u d e enzyme preparations from Day 28 and SMC oi P. pulmonarius were 
prepared by procedure to be mentioned in section 2.11. 2.000 + 0.010 g (oven-dry 
wt.) soil with 50 % water content in 50 ml screw test tube were spiked with DDE 
stock solution. The methanol used to dissolve the DDE was let evaporate overnight. 
Crude enzyme preparations were added into the setup and then the whole setup was 
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incubated at 45°C with shaking at 100 rpm for 24 hours. At the end of the treatment, 
residual DDE in the soil sample was extracted by procedures to be mentioned in 
section 2.7. The samples prepared were then injected into GC/ECD and GC/MS. 
Control setup without the inclusion of crude enzyme preparations were run in 
parallel. The following parameters were assessed to determine their effects on 
removal of DDE. 
2.5.2.1 Effects of initial DDE concentration on the removal of DDE 
Crude enzyme preparations (80 mg) from Day 28 or SMC of P. pulmonarius 
were added to the treatment setup with DDE-contaminated soil with 0, 0.05, 0.5，1.0, 
4.0, 10.0 and 50.0 mg DDE/kg. 2.000 土 0.0010 g soil were used and cultures were 
incubated for 24 hours. 
2.5.2.2 Effects of amount of crude enzyme preparations on the removal of 
DDE 
Different amounts of crude enzyme preparations from Day 28 or 严 SMC of P. 
pulmonarius varied from 20, 40，80，160 and 320 mg were added to the treatment 
setup with 2 . 0 0 0 土 0 . 0 1 0 g (oven-dry weight) soil contaminated with 10.0 mg 
DDE/kg soil. 
2.5.2.3 Effects of incubation time on the removal of DDE 
‘ Crude enzyme preparations (320 mg) from Day 28 of SMC of P. 
pulmonarius were added to the treatment setup with soil contaminated with 10.0 
mg/kg DDE and samples were collected at 0，3，6，9，12, 24 and 48 hours. 
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2.6 Soil characterization 
Agricultural soil from the Gene Garden, CUHK was used in this study. The soil 
was a sandy-clay-loam soil with moisture content of 13.17 + 1.57 % and salinity of 0 
%. The soil pH and electrical conductivity were 7.22 土 0.07 and 0.558 土 0.006 mS, 
respectively. The total organic carbon content was 1.188 土 0.197%. No DDE or 
other volatile and semi-volatile organic contaminants were revealed by GC/MSD. 
2.6.1 Identification of organic contaminants in soil sample from Gene 
Garden using Gas Chromatography/Mass Spectrometry (GC/MS) 
Five grams air-dried soil sample were extracted with dichloromethane (AR 
grade). The extraction procedure was the same in section 2.7.2 except that 1 ml 
acetone (HPLC grade) was used to redissolve the sample. Identification of putative 
organic contaminants in soil sample from Gene Garden was analyzed by GC/MS 
(HP GC/MSD system Agilent 6890/5973N) on an HP-5 5% phenyl methyl siloxane 
capillary column (30.0mLength x 250 i^m inner diameter x 0.25 |im nominal film 
thickness, fused silica cap.) supplied by Supelco. The samples were automatically 
loaded into the column by the autosampler. Two libraries (Shimazu Corporation, 
NIST 98 Lib and PBM) were used to match and putative ly identify the peaks 
resolved in a gas chromatogram. The carrier gas was helium (flow rate, 50 ml/min.). 
The GC operating conditions and temperature profiles were as follows: temperature 
was raised to 60°C for 2 minutes and heated from 60°C to 300°C at 8°C/min and 
then maintained at 300°C for 12.5 minutes. The programme time was 44.5 minutes 
(Yau, 2005). No DDE or other volatile and semi-volatile organic contaminants were 
detected using GC/MS. 
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Table 2.1 Gas chromatography operating conditions for identification of organic 
contaminants 
Parameters GC operating Conditions 
Oven Temperature 60°C 
Oven Equilibrium Time 2.0 min 
Injector Temperature 280°C 
Interface Temperature 280°C 
Sampling Time 2.0 min 
Split mode Splitless 
Split ratio 1:60 
Column Pressure 111.0 kPa 
Column Flow 1.8 ml He/min 
Injector Volume 1.0 )li1 solution in acetone 
Linear Velocity 49.0 ml/min 
Solvent Cut 6 min 
Table 2.2 The gradient temperature program used for identification of organic 
contaminants. 
Ramp (。C/min) Rate (°C/min) Temperature (。C) Hold time (min) Run time (min) 
Initial / 60 2.0 2.0 
Ramp 8 300 12..5 44.5 
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Figure 2.1 The GC/MS chromatogram of soil sample from Gene Garden. 
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2.6.2 Determination of soil textures 
Soil textures were determined according to the Bouyoucos hydrometer method 
(Allen, 1989). This method measures the decrease in density of the suspension as 
particles settle and assumes that soil particles have a specific gravity of 2.65 at 
19.5。C. The hydrometer (VWRbrand, USA) is calibrated in g soil/L suspension at 
19.5®C. If the temperature was above 19.5 0.3 was added to the reading. If the 
temperature was below 19.5®C, 0.3 was subtracted from the reading. 
Fifty grams of air-dried 2 mm sieved soil were weighted and added into a stirrer. 
Twenty five ml 5% Calgon solution (50 g sodium hexametaphosphate/L) (Sigma 
P8510, pH = 9) and 400 ml tap water were added. And the mixture was stirred 
vigorously for 15 minutes. Then the entire dispersed sample was transferred to a 1-L 
cylinder and it was filled by distilled water to the 1000 ml mark. A paddle was used 
to stir the mixture for 1 minute. A Bouyoucos soil hydrometer was used to 
commerce timing for readings after the start of sedimentation. These hydrometer 
readings were taken at 4 minute 48 seconds and 5 hours for silt and clay contents and 
for clay content, respectively. The temperature was recorded after reading the 
hydrometer. The sand, silt and clay contents were expressed as percentages by the 
following equations: 
Sand % = [100 - (corrected 4 minute 48 seconds reading/air-dried sample weight)] x 
100 
Clay % = (corrected 5 hour reading/air-dried sample weight) x 100 
Silt%= 100-(sand + clay) 
And the soil textural class was determined following the soil textural classification 
triangle of the International Society of Soil Science (ISSS) as shown in Figure 2.2. 
Table 2.3 shows the particle size distribution in ISSS. 
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Figure 2.2 The soil textural classification triangle (redrawn from the Soil 
Science Society of America). 
Table 2.3 Particle size distributions of sand, silt and clay in International Scale 
(International Society of Soil Science). 
Fraction Particle diameter (mm) 
Sand 2.0 - 0.02 
Silt 0.02 - 0.002 
Clay < 0.002 
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2.6.3 Fresh soil/air-dried sample moisture 
About ten grams of fresh/air-dried soil samples were added into a pre-weighed 
petri dish and then placed in a 105°C oven until constant weight (Allen, 1989). 
After cooling in a desiccator, the dried soils were weighed and the water contents of 
the samples were calculated by mass difference. 
2.6.4 Soil pH, electrical conductivity & salinity 
Ten grams of air-dried soil sample were extracted with 25 ml ultra-pure water 
(pH = 5.5) in 50 ml conical flask. The mixture was shaken at 200 rpm for 2 hours. 
Then the suspension was filtered through Whatman no.l filter paper (Allen, 1989; 
Landon, 1991). The pH and electrical conductivity were measured by a Jenway 
Conductivity & pH Meter (4330, Jenway). 100 |j,l of a liquid sample were added into 
a hand held salinity refractometer with automatic temperature compensation (Atago 
S-10, 0-10%). Then the salinity of the sample was recorded from the reading in the 
meter. 
2.6.5 Total organic carbon contents 
A thin layer of oven-dried soil was placed into a preheated (900°C in oven) 
ceramic boat. The weight of soil was recorded. The carbon content of the sample was 
measured by a total organic carbon analyzer (Shimadzu, 5000A) and expressed on a 
weight percent basis. 
2.6.6 Total nitrogen and total phosphorus 
The digestible N and P of the soil were determined using Skalar method 
provided by the Automated Ion Analyzer (Skalar AIA 4000，Holland). 1.000 土 0.001 
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g air-dried soil was weighed into a digestion tube. Five ml 69% nitric acid and 1 ml 
98% sulphuric acid were added (modified from Allen, 1989). The digestion tube was 
then placed in a heating digestion block (VELP DK 42/26) and heated at 160。C for 1 
hour. Afterward, the digested sample was heated again at 380°C for 2 hours. The 
digestion tube was removed from the digestion block and allowed to cool down. The 
digested sample was then diluted with 10 ml ultra-pure water and filtrated to a 50 ml 
volumetric flask by Whatman® no. 41 filter paper. The digested sample was then 
diluted with ultra-pure water to the final volume of 50 ml. Three sample blanks were 
also carried out in the same way. The digested samples were analyzed by an 
automated ion analyzer (Skalar AIA 4000，Holland). The actual anion concentration 
in the tested solution was calculated by multiplying the anion concentration 
determined from a standard curve with dilution factor, if any. 
2.6.7 Available nitrogen 
Available nitrogen was measured by San++ Automated Wet Chemistry Analyzer 
(AIA) (Skalar) after extraction with 2 M potassium chloride (KCl) (BDH) (Allen, 
1989; Dahnke and Johnson, 1990). Air-dried 0.2 mm sieved soil (5.000 土 0.001 g) 
and 25 ml KCl were put in a 200 ml conical flask. Then the mixture was shaken at 
180 rpm for 15 minutes. Two blanks were run with 2 M KCl only. The suspension -
was allowed to settle, filtered through Whatman no. 1 filter paper and stored at 4°C 
before measurement. 
2.6.8 Available phosphorus 
Available phosphate was determined by AIA after extraction with Troug's 
reagent ((NH4)2S04 buffer, pH = 3.0) (Troug, 1930). 5.000 土 O.OOl g of air-dried 0.2 
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mm sieved soil and 50 ml Troug's reagent were put in a 200 ml conical flask. The 
mixture was shaken at 180 rpm for 30 minutes. Two blanks were run without soil. 
The suspension was allowed to settle, filtered through Whatman no. 1 filter paper 
and stored at 4 °C before measurement. 
2.6.9 Potassium value 
The quantitative metal analysis of soil was conducted as described by AOAC 
(1990). All glasswares were acid-treated by soaking them in an acid bath of 10% 
HCl overnight. They were then washed with ultra pure water and oven-dried before 
use. 1.000 土 0.001 g soil (oven dry wt.) was transferred to a digestion tube. Then 5.0 
ml 69% concentrated nitric acid and 1.0 ml 98% sulphuric acid were added into the 
digestion tube which was placed in a heating digestion block (VELP DK 42/26) and 
reflux acid-digested at 125°C for 4 h (Pichtel et al.’ 2000). Afterwards, the digestion 
tube was let cool to room temperature and 10 ml of 10% hydrochloric acid were 
added. The digested mixture was filtered to a 25 ml volumetric flask by Whatman® 
no. 41 filter paper and was diluted with ultra-pure water to a final volume of 25 ml. 
The digested samples were analyzed by inductively coupled plasma-atomic emission 
spectrometry (Atomscan 16 sequential Plasma Spectrometer, Thermo Jarrell Ash, 
MA, U.S.A.). The actual metal concentration in the tested solution was calculated by 
multiplying the metal concentration determined from a standard curve with dilution 
factor, if any. 
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2.7 Quantification of residual DDE level 
The structure of p,p'-DDE is shown below. 
ci \ zCl 
CI CI 
Figure 2.3 The structure of p，p'-DDE. 
2.7.1 Preparation of DDE stock solution 
A stock solution of 5,000 mg/L DDE was prepared by dissolving 0.5000 g DDE 
(Sigma-Aldrich 35487) into 100 ml methanol (HPLC grade, Acros, USA). The stock 
solution was then kept at -18°C for later experiments. 
2.7.2 Extraction and quantification of DDE using Gas Chromatography 
with Electron Capture Detector (GC/pECD) 
The p,p'-DDE residues were extracted from the tested samples using the 
national standard methods described by Fan (1982). The DDE was extracted with 
acetone/ hexane mixture (1:3; v/v) (AR grade) at 200 rpm for 2 hours (Speed control 
motor M540-402). The organic layer was removed. The extraction process was 
repeated again. Then the two extracts were pooled together and dried at 40。C by 
rotary evaporation (Rotavapor R-114 BUCHI, Millipore®, RGB 300 Refrigerated 
Circulating bath). One ml of 99% HPLC grade hexane was added to redissolve the 
residue. Syringe with filter (Terumo® syringe with needle; Acrodisc syringe filters 
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4CR PTFE) was used to filter out any precipitates in the extract when transferring 
the extract into the GC vial. The samples were kept at -18°C before quantification of 
DDE residues using GC/ECD. 
Quantification of DDE content was analyzed by GC/|LIECD (HP GC/MSD 
system Agilent 6890/5973N) on an HP-5MS crosslinked 5% PHME siloxane 
capillary column (30.0m Length x 250 |Lim inner diameter x 0.25 |im nominal film 
thickness, fused silica cap) supplied by Supelco. The samples were automatically 
loaded into the column by the autosampler. Authentic standards were run in parallel. 
The carrier gas was helium (flow rate, 2 ml/min.). The oven program temperature 
started at 180。C for 2 minutes, rising to 180°C at 10°C/min and subsequently to 
300°C for 2 minutes. The programme time was 25 minutes (Modified from EPA 
Method 8081 for p, p'-DDE, 1998). 
Table 2.4 Gas chromatography operating conditions for p,p'-DDE. 
Parameters GC Operating Conditions 
Oven Temperature 180。C 
Injector Temperature 280°C 
Detection Temperature 300°C 
Split mode Splitless 
Carrier gas He 
Column Pressure 23.38 psi 
Column Flow 1.4 ml/min 
Linear Velocity 38 ml/min 
Detector ECD 
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Table 2.5 The gradient temperature program used below was modified from 
EPA Method 8081 for p，p，-DDE (1998). 
Ramp (°C/min) Rate (°C/min) Temperature (°C) Hold time (min) Run time (min) 
Initial / 180 2.0 2.0 
Ramp 10 310 10.0 25.0 
DDE was identified by retention time matching to standards and was quantified 
using peak area integration. The extraction efficiencies of the DDE residues from 
liquid broth, soil and soil-compost mixture were determined and they were 88.97 土 
1.80%, 95.86 土 4.360/0 and 97.21 土 4.96o/o respectively. 
F^ Mioona*一 
Slon^ l : Smx. CKECOn B. O H 
O. 
O雄 I 07 IVIociA： lnt«anaitlori 
a.-s^ -tOT-
-T-^ -MDT-
，•"MD7 3 OS 
1 .Sm-^-QT 
s o o o o o o j I • • 
2 . 0 0 4 . 0 0 e . o o a . o o 10 . 00 12 .00 14 . 00 10 . 00 1 0 . 0 0 s o T ^ 2 2 . 0 0 0 0 
Tlrrm 
Figure 2.4 A GC-jiECD Chromatogram of 20 ppm DDE standard. 
The retention time of DDE is 3.68 minutes. 
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2.7.3 Identification of DDE breakdown products by GC/MS 
GC/ECD does not provide definitive compound identification. When the 
retention time (RT) of a specific compound or its derivative is not known or the 
putative identity of a compound is required, the use of a mass-spectrometer (MS) is 
appropriate. The MS ionizes the compound and usually also breaks the molecule into 
smaller fragments. These fragments (ions) are then, after focusing and acceleration 
separated in the mass-analyzer and detected by an electron or photo multiplier. On 
the basis of the masses of the fragments recorded in a computer system, the mass and 
the possible structure of the original compound often can be determined. 
Both the GC/ECD and GC/MS analytical methods are suitable for the analysis 
of DDE. However, the GC/ECD method typically provides greater detection 
sensitivity especially for halogen containing compounds, whereas the GC/MS 
method has the advantage of providing qualitative information to determine the 
specificity of the analysis. So identification of susceptible degradation products of 
DDE was analyzed by GC/MS (HP GC/MSD system Agilent 6890/5973N) on an 
HP-5 5% phenyl methyl siloxane capillary column (30.0 m length x 250 ^im inner 
diameter x 0.25 jum nominal film thickness, fused silica cap.) supplied by Supelco. 
The samples were automatically loaded into the column by the autosampler. Two 
libraries (Shimazu Corporation, NIST 98 Lib and PBM) were used to match and 
putatively identify the peaks resolved in a gas chromatogram. In addition, authentic 
standards were run in parallel to GC/MS for confirmation of identification. The 
carrier gas was helium (flow rate, 2 ml/min). The GC operating conditions and .. 
temperature profiles were as follows: temperature was raised to 60°C for 2 minutes 
and heated from 60°C to 180°C at 10°C/min and then maintained at 180°C for 2 
minutes. The same ramp rate was performed from 180°C to 300°C and maintained 
for 10 minutes. The programme time was 38 minutes (Spencer et al., 1996). 
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Table 2.6 Gas chromatography operating conditions for p,p，-DDE. 
Parameters GC operating Conditions 
Oven Temperature 60。C 
Oven Equilibrium Time 0.5 min 
Injector Temperature 250°C 
Interface Temperature 300°C 
Sampling Time 2 min 
Split mode Splitless 
Split ratio 1:60 
Column Pressure 17.70 psi 
Column Flow 2.0 ml He/min 
Injector Volume 1.0 ]xL solution in hexane 
Linear Velocity 52 ml/min 
Solvent Cut 4 min 
Table 2.7 The gradient temperature program used for DDE. 
Ramp (°C/min) Rate (°C/min) Temperature (°C) Hold time (min) Run time (min) 
Initial / 60 2.0 2.0 
Ramp 10 180 2.0 16.0 
Ramp2 10 300 10.0 38.0 
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Figure 2.5 A GC/MS chromatogram of 10 mg/L DDE standard. 
The retention time of DDE is 20.77 minutes. The other peaks are hydrocarbons and 
silica bled out from the column under high temperatures. 




0 1 丨 翁 诚 ？ , 1 9 到 0 丨 233 || 總，,,"..1,1 
10 40 .： 70 100 130 160 190 220 250 280 310 
(M)p,p ' -DDE 
：.•(：! ••!； •：• •  
；ill r — — 1 
• 川 I " I ' " """ I ' " """ I" “ I ' " """ I ' " " " " I" 
‘ 10 40 " 7 0 TOO 130 160 1 90 220 250 280 310 
lOoJ — 246 
；.、 318 
50- , 176 
50Af={7587 ^9^123140 J ^SS „ 281 
0 lA.. Jl, • • ,1 ,l|..., J , I …'.••.、•• I, • >4,,,, IJ ,T,T. i',,,, , |l| fit |l|l|..,. • 
10 40 70 TOO 130 160 190 220 250 280 310 •• 
？ (T)Scan2161 (20.770 min): STDl l.D 
Figure 2.6 The mass spectrum of 10 mg/L DDE standard. 
The upper spectrum represents the target compound and the lower spectrum 
corresponds to the reference compound that shows the greatest SI to the target 
compound. SI stands for similarity index, which shows the degree of similarity of the 
target mass spectrum to that of the reference spectrum that found in the library of 
GC/MS. 
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2.8 Extraction of protein and ligninolytic enzymes 
Filtrate collected from broth system was used directly to measure its protein 
content and ligninolytic enzymes activities. Protein including ligninolytic enzymes 
in the compost materials, organ fruiting bodies and treated DDE-contaminated soil 
with fungal compost was extracted with distilled water in 1: 60 ratio (w/v) for three 
hours at 200 rpm and 4°C. The crude enzyme extract was collected and the protein 
contents and the amounts of ligninolytic enzymes were quantified with appropriate 
enzyme assays mentioned below. 
2.8.1 Protein assay 
The protein content was measured with a micro-Lowry protein assay kit (Sigma 
P-5656). 75 1^1 protein standards/samples were mixed thoroughly with 750 \x\ Lowry 
Reagent solution. The solution was allowed to stand at room temperature for 20 
minutes. Then 375 \i\ Folin Reagent Working Solution were added and mixed, and 
allowed to develop color for 30 minutes. The absorbances of standards (0.2, 0.4，0.6， 
0.8 and 1.0 mg/ml bovine serum albumin standard solution) and samples against 
blank were measured at O.D. 750 nm. The protein concentration of the sample was 
deduced from the protein standard curve. 
2.8.2 Laccase assay 
The laccase activity was measured by ABTS assay modified from Lang et al 
(1997) and Gdlvez et al. (2000). The reaction mixture contained 1 mM 
2,2'-azinobis-3-ethylbenthiazoline-6-sulfonate (ABTS), 100 mM succinic-lactic acid 
buffer (pH 4.5) and 100 jil sample, in a total volume of 1 ml. The reaction (formation 
of cation radical) rate was monitored at 420 nm (Emax= 36,000 M ] cm'') at 25。C for 
a total of 53 minutes. A spectrophotometer fitted with time scan function was used. 
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Time zero was registered at the moment of addition of sample and the first 
absorbance measurement was recorded after exactly 15 seconds. The increase in 
absorbance was then followed for 3 minutes. International enzymatic units (lU) in 
which one enzyme unit was defined as 1.0 |amol product formed per minute under 
the assay conditions were used to express the enzyme activities. 
2.8.3 Manganese peroxidase assay 
Manganese peroxidase was measured by MBTH/DMAB assay modified from 
Castillo et al. (1993) and Lang et al (1997). The reaction mixture contained 0.07 
mM 3 -methy I-2-benzothiazo 1 inone hydrazone (MBTH), 0.99 mM 
3-(dimethylamino)-benzoic acid (DMAB), 0.3 mM MnS04, 0.05 mM H2O2，100 
mM succinic-lactic acid buffer (pH 4.5) and 100 fil sample, in a total volume of 1 
ml. The reaction (purple indamine dye product formation) was initiated by addition 
of H2O2, measured at 37°C at a wavelength of 590 nm (Emax = 53,000 M"' cm"'). A 
spectrophotometer fitted with time scan function was used. Time zero was 
registered at the moment of addition of H2O2 (initiation of the reaction) and the first 
absorbance measurement was recorded after exactly 15 seconds. The increase in 
absorbance was then followed for 2 minutes. One international enzymatic unit (lU) 
defined as 1.0 |imol product formed per minute under the assay conditions was used 
to express the activity. 
2.8.4 Calculation of activity and specific activity of laccase and manganese 
peroxidase 
Amount of product formed = Change of absorbance/ (Path length * Extinction 
coefficient) 
Enzyme activity = Amount of product formed/Reaction time 
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Specific enzyme activity (enzyme purity) = Enzyme activity/Protein amount 
Enzyme productivity = Enzyme activity/Biomass 
» 
where, 
Path length of 1 ml cuvette = 1. 
Extinction coefficient for laccase product = 36,000 and manganese peroxidase 
product = 53,000. 
Biomass = in terms of oven-dried weight (g) for broth system while in terms of mg 
ergosterol for soil system 
2.9 Estimation of fungal biomass 
In broth system, the fungal biomass was filtered using a nickel sieve (2 mm in 
diameter). The biomass was rinsed with 5 ml autoclaved ultra-pure water for three 
times to avoid any nutrients remained. After solvent extraction the fungal biomass 
was placed in a pre-weighted aluminium cup and then placed in a 105°C oven until 
constant weight. After cooling in a desiccator, the dried biomass was weighed and 
the fungal biomass gain was calculated by mass difference. 
As solid-state-fermentation and soil system were complex matrix and the fungal 
biomass could not be separated. Therefore simple determination of biomass gain as in 
broth system cannot be used. Ergosterol is a component of fungal cell membranes, 
serving the same function as cholesterol in aminal cells. Both sterols are required to 
build and maintain the fluidity of cell membrances stable over wider temperature 
range. As it is found almost exclusively in fungi, determination of the ergosterol 
content is suitable and commonly used to estimate the fungal biomass in various 
complex environmental matrix (Reeslev et al., 2003; Mille-Lindblom et al., 2004). 
The fungal biomass gain determined by the quantification of ergosterol content using 
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GC/MSD was adopted in solid-state-fermentation and soil system. 
2.9.1 Preparation of ergosterol standard solution 
A 100 mg/L of ergosterol stock solution was prepared by dissolving 1.33 g of 
ergosterol (> 75% purity, Sigma) into 100 ml methanol (HPLC grade Fisher 
Scientific). The stock solution was kept in darkness at -18。C. 
2.9.2 Analysis of ergosterol content 
Sample was extracted with acetone/hexane mixture (1:3; v/v) (Analytical grade, 
Lab-Scan) at 200 rpm for 2 hours. The extraction process was repeated again after 
the first extraction. Afterwards, the solvent was transferred in a 50 ml round bottom 
flask and dried at 40。C by rotary evaporation (Rotavapor R-114 BUCHI, Millipore®, 
RGB 300 Refrigerated Circulating bath). One ml of 99% HPLC grade hexane was 
added to redissolve the residue. Syringe with filter (Terumo® syringe with needle; 
Acrodisc syringe filters 4CR PTFE) was used to filter out any precipitates in the 
extract when transferring the extract into the GC vial. The samples were kept at 
-18°C before quantification of ergosterol content using GC/MSD. 
Quantification of ergosterol content was analyzed by GC/MSD (HP GC/MSD 
system Agilent 6890/5973N) on an HP-5 5% phenyl methyl siloxane capillary 
column (30.0 m Length x 250 |Lim inner diameter x 0.25 |nm nominal film thickness, 
fused silica cap) supplied by Supelco. The samples were automatically loaded into 
the column by the autosampler. Two libraries (Shimazu Corporation, NIST 98 Lib 
and PBM) were used to match and putatively identify the peaks resolved in a gas 
chromatogram. In addition, authentic standards were run in parallel to GC/MS for 
confirmation of identification. The carrier gas was helium (flow rate, 2 ml/min). The 
GC operating conditions and temperature profiles were as follows: temperature was 
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raised to 80°C for 1.5 minutes and heated from 80°C to 290°C at 10°C/min and then 
maintained at 290°C for 5 minutes. The programme time was 41 minutes (Chan, 
2005). 
Table 2.8 Gas chromatography operating conditions for ergosterol content. 
Parameter Condition 
Carrier gas High purity helium 
Column flow rate 1 ml/min 
Column pressure 9.4 psi 
Oven temperature 60°C 
Oven equilibrium time 1.5 min 
Injection temperature 250°C 
Interface temperature 250°C 
Final temperature 290°C 
Ramp temperature 10°C/min 
Hold time 5 min 
Split mode Splitless 
Solvent delay 4 min 
Table 2.9 The GC-MSD gradient temperature program for the quantification of 
ergosterol content. •• 
Ramp (°C/min) Rate (。C/min) Temperature (。C) Hold time (min) Run time (min) 
Initial / 80 1.5 1.5 
Ramp 10 290 5.0 27.5 
Post run 、I 60 0.5 41.0 
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2.10 Expression of the ligninolytic enzyme-coding genes 
2.10.1 Preparation of ribonuclease free reagents and apparatus 
General laboratory glassware was treated by baking at 180。C overnight. 
Reagents and apparatus which were not resistant to baking were treated with diethyl 
pyrocarbonate (DEPC, 0.1% v/v). All solutions were treated with 0.1% DEPC 
overnight and then autoclaved at 120。C for 20 min at 1 psi (HA-300P, Hirayahan, 
Japan). 
2.10.2 RNA isolation and purification 
Total RNA was isolated using TRIzol® Reagents (Invitrogen 15596-018) 
following the instructions from the supplier's instruction manual with modification. 
About 0.1 g biomass from broth culture, 0.5 g compost material or 0.1 g mushroom 
was homogenized at room temperature with TRIzol® Reagent. Total RNA was 
chloroform extracted, precipitated by isopropanol, washed with 70% ethanol, and 
dissolved in DEPC-treated water. Total RNA was then redissolved with 30 
DEPC-treated water and stored at -80°C before use. mRNAs of compost material or 
mushroom were purified using oligo(dT)25 Dynabeads (Dynal Inc. 610-05) with 
modifications made to the manufacturer's recommendations. Equal volume of total 
RNA was mixed with Binding Buffer and hybridized at 65°C for 2 minutes and then 
placed on ice immediately. The mixture was then mixed thoroughly with 1.5 mg 
Dynabeads, which were previously washed in Binding Buffer, and annealed by 
rotating on thermomixer for 5 minutes at room temperature. Bound mRNA was 
isolated by magnetic concentration and was washed three times with Washing Buffer 
B. mRNA was eluted at 65。C for 2 minutes in 20 U^ 10 mM Tris-HCl. The eluted 
mRNA was then stored at -80°C before use. Dissociated dynabeads were recovered 
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by magnetic concentration and were regenerated according to the manufacturer's 
recommendations. The yield and purity of total RNA of biomass and mRNA of 
compost material or mushroom were determined spectrophotometrically at 260 nm 
and 280 nm. An absorbance of 1 unit at 260 nm corresponds to 40|ig/mL. This 
relationship is valid for measurements in water. The ratio between the absorbance 
values at 260 nm and 280 nm gives an estimation of RNA purity. An A260/A280 
absorbance ratio in the range of 1.8 to 2.0 indicates a pure preparation of RNA. 
2.10.3 cDNA synthesis 
First-stand cDNA was synthesized using either 1 |j.g total RNA or mRNA as 
template and the SuperScript™ II First-Strand Synthesis System for RT-PCR from 
Invitrogen (11904-018) according to the supplier's instruction manual. 
2.10.4 Semi-quantification of ligninolytic enzyme-coding gene expression by 
RT-PCR 
PGR was performed in a volume of 20 |il consisting of IX Reaction Buffer VI， 
2.5 mM MgCb, 0.2 mM dNTPs, 10 ^iM of each primers, 2U Thermoprime Plus Taq 
DNA polymerase (AB gene AB-0301) and 1 |il cDNA synthesized from RT reaction. 
Details of the oligoncleotide sequences and PGR conditions for specific lac and mnp 
genes used in this study are summarized in Table 2.11. Amplification of the 
house-keeping gene encoding glycerol-3-phosphate dehydrogenase (G3PD; 
GeneBank accession no. AF087676) was performed to act as internal control to . 
normalize differences in the RNA or mRNA input or in the RT reaction efficiencies. 
PGR amplifications were performed in a PTC-100 Programmable Thermal 
Controller (MJ Research Inc., USA). Validation of the semi-quantitative RT-PCR 
reactions was carried out and determined with optimal cycle number (Wang, 2002; 
59 
Yau, 2005). Three independent amplification reactions were done for each condition 
examined. After PGR amplification, a 3 )LI1 aliquot of each PGR product was resolved 
by 2 % agarose gel electrophoresis, stained with ethidium bromide and visualized in 
a UV-transilluminator. Densitometric analysis was performed with the Gel Doc XR 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.11 Preparation of crude enzyme preparations from P. 
pulmonarius compost 
Pleurotus pulmonarius compost of Day 28 and SMC developmental stages 
was used to prepare the crude enzyme extract for treatment of DDE. The 
water-soluble proteins or enzymes immobilized in P. pulmonarius compost were 
extracted with the following procedure: One g freeze-dried compost was mixed with 
60 ml distilled water and shaken at 120 rpm for 3 hours at 4。C. Then the mixture was 
filtered using juan (,絹).The filtrate collected was deep-freezed at -80°C and then 
freeze-dried to become the crude enzyme preparations (modified from Tsang, 2004). 
2.12 Assessment criteria: removal efficiency, RE, and removal 
capacity, RC 
In this study, two assessment criteria were used to assess the performance of 
fungal compost towards the pesticides. RE was defined as the ratio of the amount of 
DDE removed to the corrected initial pollutant amount times 100%, whereas RC is 
the amount of DDE removed per unit mass of fungus. 
RE (%) = (amount of DDE removed/corrected initial amount of DDE added) x 100% 
RC (mg DDE/mg biomass) = amount of DDE removed / Fungal biomass 
The corrected values refer to the measured content extracted and quantified by 
the instrument (GC/ECD) with accounts for the extraction efficiency and the stability 
of DDE. 
‘ F o r broth system, both biosorption and biodegradation were assessed. On the 
other hand, as the soil and fungal compost soil mixtures in the soil system which 
have been pre-mixed together could not be differentiated and thus the removal by 
biosorption is not determined. Biodegradation is the only removal mechanism 
measured in soil system. Mathematically, the RC in this system is calculated as 
follows: 
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RC by biodegradation (mg DDE/g fungal compost) 
=[(corrected initial DDE)-(residual DDE in the system)] / amount of fungal compost 
used 
2.13 Statistical analysis 
Unless specified, three replicates were examined for each parameter. Data were 
presented in mean 土 standard deviation. One-way analysis of variance (ANOVA) 
was used to detect any significant difference among the treatments and the control if 
there were a number of cases. However, student t test was used when only, two sets 
of data were compared. If there was significant difference among the groups 
(p<0.05), ranking of the groups was performed with the Tukey test with letter a 
represents the highest rank. Both statistical programmes were provided in SPSS 
(Version 10.0) software. 
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Chapter III Results 
3.1 Soil characterization 
Table 3.1 shows the basic properties of the soil sample used in this project. The 
soil consisted of 69.46 土 1.21% sand, 7.52 土 1.84% silt and 23.02 土 2.89% clay. Thus 
the soil was categorized as a sandy-clay-loam soil. It had a total organic matter 
content of 1.188 ± 0.197o/o. 
Table 3.1 Physical and chemical properties of the soil used in the study. 
^ 7.22 土 0.07 
Conductivity (mS) 0.558 土 0.006 
Sand (%) 69.46 ± 1.21 
Silt (o/o) 7.52 士 1.84 
Clay (%) 23.02 ±2.89 
TOC (%) 1.188 ±0.197 
Potassium (mg/kg) 712.14 土 45.67 
Total N (mg/kg) 133.43 ±2.92 
Total P (mg/kg) 247.89 ±29.98 
Available NOx (mg/kg) 97.60 土 5.36 
Available PO4 (mg/kg) 49.70 ± 1.33 
Each data point is represented by the mean 土 standard deviation of triplicates. 
t 
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3.2 Cultivation and the expression of the ligninolytic 
enzyme-coding genes during solid-state-fermentation of edible 
mushroom Pleurotus pulmonarius 
3.2.1 Mushroom yield 
Two flushes of fruiting were obtained and the fruiting bodies in the first flush 
(40.73 土 7.71 g) weighted more than those in the second flush (14.44 土 6.51 g). The 
biological efficiency (BE), calculated as the percentage yield of fresh mushroom over 
the dry weight of the substrate, was 36.8 土 7.4 %. 
3.2.2 Protein content 
As shown in Figure 3.1 (a) and (b), the protein contents in the fruiting bodies 
from both flushes were much higher than those in the straw compost. Also the 
protein contents in the caps were around double in stems. Protein was accumulated in 
the compost along cultivation. 
3.2.3 Specific ligninolytic enzymes activities 
Specific laccase and manganese peroxidase (MnP) activities were maximal 
during vegetative growth and declined sharply at fruiting stage and rose in the 
intercrop period between two flushes (Figure 3.2 (a)). Although the two enzymes 
exhibited similar patterns of regulation, specific laccase was around 5 to 10-fold 
more active than specific MnP in the corresponding developmental stages. Relatively 
low level of specific laccase and MnP activities were detected in caps and stems from 
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Figure 3.1 The change in protein content of Pleurotus pulmonarius along 
artificial cultivation by solid-state-fermentation, (a) Mushroom composts at 
different stages of solid-state-fermentation, and (b) fruiting bodies harvested 
from the two flushes. 
Experimental conditions: Each bag of 300 g sterilized straw-based compost was 
inoculated with P. pulmonarius strain P127 and incubated at 28°C in darkness during 
vegetative stage (Day 0 to 28). The compost was then illuminated and the bags were 
torn open to increase aeration to promote fruiting. Ten bags of mushroom compost 
were collected at each developmental stage and fruiting bodies from the first and 
second flushes were collected and divided into cap and stem. Proteins in the compost 
and fruiting bodies were extracted and measured. Each data point is represented by 
the mean 土 standard deviation of ten replicates. One-way ANOVA was performed 
and ranking was by Tukey test at 5% probability. 
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Figure 3.2 The change in ligninolytic enzyme activities of Pleurotus pulmonarius 
along artificial solid-stage-fermentation. (a) Mushroom composts at different 
stages of solid-state-fermentation, and (b) fruiting bodies harvested from the 
two flushes. 
Experimental conditions: Each bag of 300 g sterilized straw-based compost was 
inoculated with P. pulmonarius strain P127 and incubated at 28°C in darkness during 
vegetative stage (Day 0 to 28). The compost was then illuminated and the bags were 
removed after vegetative stage to increase aeration to promote fruiting. Fruiting 
bodies from each flush were collected and divided into cap and stem. Ligninolytic 
enzymes were extracted and their activity was measured. Each data point is 
represented by the mean 土 standard deviation of ten replicates. One-way ANOVA 
was performed and ranking was by Tukey test at 5% probability. 
- 68 
3.2.4 Ergosterol content 
The ergosterol content rose along the mushroom developmental stage and 
dropped during first SMC and rose again during second fruiting and declined again 
(Figure 3.3 (a)). High ergosterol contents were detected in both tissues caps and 
stems from both flushes with the highest in caps from second flush and lowest in 
caps from the first flush. Tissue stems from both flushes contained similar ergosterol 
contents (Figure 3.3 (b)). 
3.2.5 Ligninolytic enzymes productivities 
As shown in Figure 3.4 (a) and (b), the laccase productivities were maximal 
during vegetative growth and declined sharply at fruiting stage and rose in the first 
flush and declined again while the MnP productivities were the highest at day 15 
when the compost was partially colonized and dropped to lower level along 
development. Although the two enzymes exhibited similar patterns of regulation, the 
amount of laccase productivity was around 2 to 10-fold higher than those of MnP 
productivity in the corresponding developmental stages. Relatively low level of 
laccase and MnP productivities were detected in tissues caps and stems from both 
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Figure 3.3 The change in ergosterol content of Pleurotus pulmonarius along 
artificial solid-stage-fermentation, (a) Mushroom composts at different stages of 
solid-state-fermentation, and (b) fruiting bodies harvested from the two flushes. 
Experimental conditions: Each bag of 300 g sterilized straw-based compost was 
inoculated with P. pulmonarius strain P127 and incubated at 28°C in darkness during 
vegetative stage (Day 0 to 28). The compost was then illuminated and the bags were 
torn open to increase aeration to promote fruiting. Ten bags of mushroom compost .. 
were collected at each developmental stage and fruiting bodies from the first and 
second flushes were collected and divided into cap and stem. The ergosterol in the 
compost and fruiting bodies was extracted and quantified by GC/MS. Each data point 
is represented by the mean 土 standard deviation of three replicates. One-way 
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Figure 3.4 The change in ligninolytic enzyme productivities of Pleurotus 
pulmonarius along artificial solid-stage-fermentation, (a) Mushroom composts 
at different stages of solid-state-fermentation, and (b) fruiting bodies harvested 
from the two flushes. 
Each data point is represented by the mean 土 standard deviation of ten replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
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3.2.6 Expression of the ligninolytic enzyme-coding genes during 
solid-state-fermentation 
All 8 lac genes of the substrate mycelia were constitutively expressed in the 
physiological stages in artificial cultivation (Figure 3.5 and Table 3.2). PPLac4 and 
PPLac6 were transcribed at the same levels throughout the various physiological 
stages. PPLacl dropped to low level at the substrate mycelia after harvest of two 
flushes of mushrooms whereas PPLacl decreased from the first fruiting stage 
onwards. In contrast, PPLac5 showed increased expression levels with the 
physiological developments. PPLac3, PPLac? and PPLacS showed similar response 
with decreasing expression levels at the first fruiting stage and a transitional increase 
in the intercrop stage. Among the 8 lac genes, PPLacS and PPLac? showed the 
highest expression. 
As shown in Figure 3.5 and Table 3.3，PPMnP2 and PPMnPS of the 5 mnp 
genes at the substrate mycelia did not show variation at the transcription level along 
the physiological development. PPMnPl reduced its expression after the first fruiting 
stage whereas PPMnPS showed peak expression at the intercrop stage and at the 
post-harvest stage. PPMnP4 showed an increase trend with the physiological age of 
the substrate mycelia. 
In the two tissues of the organ mushroom of the two flushes of Pleurotus 
pulmonarius, many genes {PPLacS to PPLacS and PPMnPl to PPMnPS and 
PPMnPS) showed similar expression levels (Figure 3.5, Tables 3.2 and 3.3). Caps of 
both flushes showed higher PPLacl and PPMnP4 expression levels with the caps of 
the second flush greater in magnitude. Also, caps of the second flush had the higher 
PPLacl expression level than the other developmental stages. 
In comparison between the substrate mycelia and the mushroom tissues at the 
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same fruiting stages, PPMnPl of the mushroom at the second flush, PPMnPS and 
PPMnP4 of the substrate mycelia at both SMC stages showed higher expression 
levels. 
‘ 73 
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Figure 3.5 RT-PCR of ligninolytic enzyme-coding genes during 
solid-state-fermentation, from left to right: M, 100 bp ladder; lane 1 to 6, Day 15, 
~ Day 2 8，F r u i t i n g , SMC, Fruiting, SMC; lane 7 to 1 0 ， C a p , 
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stem, 2nd Cap and Stem. 
Experimental conditions: P. pulmonarius grown on straw-based compost and the 
organ fruiting bodies during solid-state-fermentation were first homogenized with 
TRIzol® Reagents (Invitrogen 15596-018). Total RNAs were extracted by 
chloroform and precipitated by isopropanol, mRNAs were than physically isolated 
by oligo(dT)25 Dynabeads (Dynal Inc. 610-05). PGR products were electrophoresed 
in a 2% agarose gel and stained with ethidium bromide. The expression levels were 
normalized with reference to the transcriptional level of glycero 1-3-phosphate 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3 Treatment of DDE by living P. pulmonaruis 
3.3.1 Optimization of DDE removal in broth system 
3.3.1.1 Effects of initial DDE concentration on the removal of DDE 
3.3.1.1.1 Effects of DDE on biomass development 
With reference to Figure 3.6 (a), the growth and development of P. pulmonarius 
were not affected with the addition of methanol nor DDE concentrations between 
500 to 4000 uM/g biomass. Inhibitory effect only became significant when the DDE 
concentration reached 12.0 mM/g biomass at which the biomass was reduced by 
around 40%. IC50 was not observed. 
3.3.1.1.2 Protein content 
The protein contents in the filtrate in response to different initial DDE 
concentrations are shown in Figure 3.6 (b). Minimal medium (MM) was used to 
reflect solvent effect if any, while control (MM plus methanol) was performed as the 
control for the addition of DDE to the system. Methanol and DDE with concentration 
of 500 uM/g biomass were found significantly decrease the protein content in the 
filtrate. However, there is no significant difference in protein contents among 
samples of minimal medium and media contaminated with DDE concentrations more 
than 1.0 mM /g biomass. 
3.3.1.1.3 Specific ligninolytic enzyme activities 
The extracellular ligninolytic enzyme activities were measured after 7-day 
incubation. A basal level of specific laccase activity (0.16 + 0.03 lU/mg protein) was 
detected from the minimal medium (MM), while the activity was enhanced in control 
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with methanol and media contaminated with DDE (Figure 3.6 (c)). DDE 
concentration of 12.0 mM/g biomass was found to significantly increase the specific 
laccase activity (2.51 ±0.16 lU/mg protein). On the contrary, specific manganese 
peroxidase activity was only induced by 12.0 mM DDE/g biomass (0.18 土 0.04 
lU/mg protein). In comparison with the specific laccase activity, the specific MnP 
activity was around 10-fold lower. From Figure 3.6 (d), relatively low level of 
specific MnP activity was detected from MM and either methanol alone or DDE 
concentration lower than 4.0 mM/g biomass did not induce the specific MnP activity. 
3.3.1.1.4 Ligninolytic enzyme productivities 
The patterns of ligninolytic enzyme productivities were similar to those of 
specific ligninolytic enzyme activities (Figure 3.6 (e) and (f)). Significant 
enhancement of laccase productivity was attained with the addition of methanol 
alone or DDE among which 12.0 mM DDE/g biomass gave the highest promotion in 
laccase productivity (10.77 土 1.66 lU/g biomass). Methanol alone or DDE 
concentration lower than 4.0 mM/g biomass had no effect on the MnP productivity of 
P. pulmonarius. Significant induction was only observed when DDE concentration 
was as high as 12.0 mM/g biomass (0.74 土 0.06 lU/mg protein). 
3.3.1.1.5 DDE removal and removal capacity .. 
DDE of different concentrations showed different stabilities in the broth system 
after 7-day incubation with the higher DDE concentration showing greater stability 
(Figure 3.7). This may be due to the oxidative effect of shaking and the fact that 
DDE was not soluble in the aqueous medium which can only bring in dissolution by 
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the water-miscible solvent. Therefore, the corrected values which refer to the 
measured content extracted and quantified by the instrument (GC/ECD) with account 
for the extraction efficiency and the stability of DDE was used to calculate the 
removal efficiency by P. pulmonarius. More than 90% DDE were removed in all the 
tested DDE concentrations with biosorption and biodegradation varied between 0.2 
to 60 % and 33 to 98% respectively (Figure 3.6 (g)). Percentage of biosorption 
decreased with increase in DDE concentration. In contrast, the percentage of 
biodegradation increased with increase in DDE concentration and reached a plateau 
at 4.0 mM DDE/g biomass or above. Removal capacities (RC) for both biosorption 
and total removal showed similar increasing pattern with DDE concentrations 
(Figure 3.6 (h)). 
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Figure 3.6 Effects of initial DDE concentrations on (a) growth in terms of 
biomass, (b) protein content, (c) specific laccase activity, (d) specific MnP 
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activity, (e) laccase productivity, (f) MnP productivity, (g) removal efficiency, 
and (h) removal capacity of P. pulmonarius in broth system. 
Experimental conditions: Different concentrations of DDE solutions were added at 
24-hour after incubation and the cultures were then incubated at 28 + 1 °C and 150 
rpm. In parallel, M M contained 0.3 ml methanol (1.0% methanol) was used as the 
positive control while MM without addition of methanol acted as the negative 
control. Each data point is represented by the mean ± standard deviation of three 
replicates. One-way ANOVA was performed and ranking was by Tukey test at 5% 
probability. •，the content in MM medium. Dotted line, trend line. 
Independent-Samples T test was also performed between controls (MM and 
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Figure 3.7 Stability of different concentrations of DDE in minimal medium after 
7-day incubation. 
Experimental conditions: Different concentrations of DDE solutions (dissolved in 
0.3ml methanol) were added at 24-hour after incubation and the cultures without 
fungus were then incubated at 28 + 1°C and 150 rpm. Each data point is represented 
by the mean 土 standard deviation of three replicates. One-way ANOVA was 
performed. 
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3.3.1.2 Effects of inoculum sizes on the removal of DDE 
3.3.1.2.1 Effects of DDE on biomass development 
According to Table 3.4, no significant difference was detected on growth in 
term of biomass between minimal medium (MM), MM with methanol and media 
contaminated with 4.0 MM DDE/g biomass. However, as indicated in Figure 3.8 (a), 
a significantly higher growth rate was attained in inoculum size of 0.1 ml in the 
DDE-spiked medium. 
Table 3.4 Effect of inoculum sizes on growth of P. pulmonarius in term of 
biomass gain in broth system. 
Inoculum size •代 “ ^ ^ ^ 
Minimal medium Methanol 4.0 m M DDE/g biomass 
(ml) 
0.0 0.0000 士 O.OOOd’ 0.0000 士 O.OOOD 0.0000 士 O.OOOd 
0.1 0.0136±0.0009d’ 0.0128 士 0.0006CD 0.0173 士 0.001 Id 
0.25 0.0506 土 0.0021ci 0.0475 土 0.0043C 0.0656 士 0.0164c 
0.5 0.1021 士 0.0006b' 0.0858 ± 0.0057B 0.1071 ± 0.0081b 
1 0.2123 士 0.0287ai 0.2037 士 0.0303A 0.2233 士 0.0188a 
Each data point is represented by the mean 士 standard deviation of three replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between controls (MM and 
methanol) and treatment. 
3.3.1.2.2 Protein content 
There was no significant difference in protein contents of the cultures with 
minimal medium (MM) alone, MM with methanol and M M contaminated with 4.0 
mM DDE/g biomass at most inoculum sizes. Yet, at inoculum size of 0.1 ml the 
protein content in M M contaminated with DDE was significantly lower than those of 
MM alone and MM with methanol (Figure 3.8 (b)). 
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3.3.1.2.3 Specific ligninolytic enzyme activities 
As illustrated in Figure 3.8 (c), methanol alone increased the specific laccase 
activity when the inoculum size was more than 0.25 ml while DDE stimulated the 
specific laccase activity even when the inoculum size was as low as 0.1 ml. Methanol 
alone did not have any effect on the specific MnP activity when the inoculum size 
was less than 0.5 ml (Figure 3.8 (d)). On the other hand, addition of DDE to the 
media enhanced the specific MnP activity when the inoculum sizes were 0.25 and 
0.50 ml. 
3.3.1.2.4 Ligninolytic enzyme productivities 
No significant difference was found between the laccase productivity in 
minimal medium (MM), MM with methanol and MM contaminated with 4.0 mM 
DDE/g biomass when the inoculum size was 0.1 ml (Figure 3.8 (e)). The laccase 
productivity was the highest in MM with methanol with 0.25 ml an 0.5 ml inocula 
and DDE-spiked M M with 0.5 ml and 1.0 ml inocula. The MnP productivity was the 
highest when the culture was contaminated with DDE and inoculated with 0.25 ml 
inoculum (Figure 3.8 (f)). 
3.3.1.2.5 DDE removal and removal capacity 
With reference to Figure 3.8 (g), total removal and biodegradation of DDE 
increased with the increase of inoculum sizes (43.31 + 8.12 to 93.46 土 0.18% and 
32.95 土 7.36 to 92.61 土 0.32 %, respectively). In contrast, biosorption of DDE did 
not show any correlation with inoculum sizes which varied between 6.71 to 12.68 %. 
The removal capacities (RC) for both biosorption and total removal showed similar 
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pattern with those in removal efficiency (Figure 3.8 (h)). RC in terms of biosorption 
did not show any correlation with inoculum sizes which varied between 4.9 土 0.2 to 
10.1 土 1.9 ug DDE removed per g biomass. When the RC expressed in terms of total 
removal, it increased sharply from 0.8787 土 0.0742 to 1.9564 土 0.1733 mg DDE 
removed per g biomass when the inoculum size increased from 0.1 to 0.25 ml. Then 
the increase in RC became slower for further increase in inoculum size and reached a 
maximum of 2.4026 土 0.0393 mg DDE removed per g biomass at inoculum size 
equal to 1.0 ml. 
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Figure 3.8 Effects of inoculum sizes on (a) growth rate in terms of mass 
difference over time, (b) protein content, (c) specific laccase activity, (d) specific 
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MnP activity, (e) laccase productivity, (f) MnP productivity, (g) removal 
efficiency, and (h) removal capacity of P. pulmonarius in broth system. 
Experimental conditions: Different inoculum sizes were inoculated to the setup. After 
24 hours to let the mycelial homogenate to recover by regeneration of the hyphae, 
DDE stock solution was added to the culture to an initial dose of 4.0 mM DDE/g 
biomass and the culture was then incubated at 28 土 1°C and 150 rpm. In parallel, 
MM contained 0.3 ml methanol (1.0% methanol) acted as the positive control while 
MM without addition of methanol served as the negative control. Each data point is 
represented by the mean 土 standard deviation of three replicates. One-way ANOVA 
was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between controls (MM and 
methanol) and treatment, 
t' 
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3.3.1.3 Effects of incubation time on the removal of 4.0 m M DDE/g biomass 
3.3.1.3.1 Effects of DDE on biomass development 
Growth of P. pulmonarius in minimal medium (MM), MM with methanol and 
MM contaminated with 4.0 mM DDE/g biomass was monitored along the 7-day 
incubation (Figure 3.9 (a)). The growth and development of P. pulmonarius were not 
affected by neither the addition of methanol nor DDE. The fungus grew along the 
72-hour incubation. The growth was then increased very slowly until the end of 
7-day incubation. 
3.3.1.3.2 Protein content 
The protein content of R pulmonarius increased along incubation regardless of 
the incubation media (Figure 3.9 (b)). No significant difference was detected among 
these media too. 
3.3.1.3.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
Specific laccase activity of the treatment was induced and was significantly 
different from minimal medium (MM) alone and MM with methanol after 96-hour 
incubation (Figure 3.9 (c)). Laccase productivity of the treatment was significantly 
、higher than control of M M alone and MM with methanol after 96-hour incubation 
and reached the highest at 132-hour (Figure 3.9 (e). On the contrary, the specific 
MnP activity and MnP productivity were more or less the same during incubation 
and showed no significant difference between controls (both M M alone and MM 
with methanol) and treatment (Figure 3.9 (d) and (f)). 
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3.3.1.3.4 DDE removal and removal capacity 
According to Figure 3.9 (g), the total removal of 4.0 mM DDE/g biomass 
reached around 80% after 72-hour incubation and then to 94.38 土 1.94 % at the end 
of the treatment (168 hours). Biosorption of DDE by the fungus was around 12 %. 
Removal capacity (RC) in terms of total removal dropped sharply from 11.6748 土 
4.4766 to 6.4278 ± 0.6122 mg DDE removed per g biomass along the 72-hour 
incubation and then declined to the lowest 2.9793 土 0.0577 mg DDE removed per g 
biomass at the end of the treatment. Whereas the RC in terms of biosorption 
increased from 180.3 土 16.9 to 327.4 土 28.5 ug DDE removed per g biomass along 
the 96-hour incubation and did not show significant changes along incubation (RC at 
the end of the treatment: 389.0 + 18.1 ug DDE removed per g biomass) (Figure 3.9 
(h)). 
3.3.1.3.5 Putative degradation derivatives 
The overlaid chromatograms of DDE in broth treated with living P. pulmonarius 
are shown in Figure 3.10. 
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Figure 3.9 Effects of incubation time on (a) growth, (b) protein content, (c) 
specific laccase activity, (d) specific M n P activity, (e) laccase productivity, (f) 
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MnP productivity, (g) removal efficiency, and (h) removal capacity of P. 
pulmonarius in broth system contaminated with 4.0 m M DDE/g biomass. 
Experimental conditions: 4.0 mM DDE/g biomass was added at 24-hour after 
incubation and the cultures were then incubated at 28 j： 1 °C and 150 rpm. Samples 
were taken at 0，24, 36，72, 96，132 and 168-hour after incubation. In parallel, MM 
contained 0.3 ml methanol (1.0% methanol) acted as the positive control while MM 
without addition of methanol acted as the negative control. Each data point is 
represented by the mean 土 standard deviation of three replicates. One-way ANOVA 
was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between controls (MM and 
methanol) and treatment. 
、、 
92 
A u n d a n c e 








2 2 0 0 0 0 
2 0 0 0 0 0 
I 8 0 0 0 0 
leoooo 
14.0000 
1 2 0 0 0 0 
1 0 0 0 0 0 
8 0 0 0 0 
eoooo I 
: = ^ ^ H i t y j u L i J i i J ' i L M ^ i i i u 
J I I J j I I , . L ii_ I I i j L L i j ^ 
o ' I • • I » • • • I > • • • i ' • ' ' I • ' ' • I ' ' ' ' I ' ' ' ' 1 ' ' • ' I ' • ' ' i ' ' > 
I 0 . 0 0 I 5 ' 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 5 5 . 0 0 4 .0.00 4-S.OO 5 0 . 0 0 
Tim e--s-
Retention time (min) Library search 
13.75 Diethyl Phthalate 
24.63 Bis(2-ethylhexyl) phthalate 
Figure 3.10 The overlaid chromatographs and the putative degradat ion 
derivatives of D D E treated with l iving Pleurotus pulmonarius in broth system 
before (black line) and after (purple line) 7-day incubat ion 
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3.3.1.3.6 Expression of the ligninolytic enzyme-coding genes during the removal of 
4.0 mM DDE/g biomass 
In Figures 3.11 and 3.12, transcription of PPLac I, PPLac2, PPLacS, PPLac?, 
PPMnP4 and PPMnP5 was induced to different extents within the 48 hours period 
after the addition of DDE. At the end of the incubation, the expression of PPLac2, 
PPLac3, PPLacS, PPLac6, PPLacS and PPLacS in MM contaminated with DDE 
were significantly higher than those of other two media. 
For control with MM alone, the blending effect towards the inoculum at the 
beginning of the study up-regulated the transcript levels of PPLac 1, PPLacS, 
PPLacS, PPLac?, PPMnPS and PPMnP4 within the 24-hour recovery period. Then 
expression of all these ligninolytic enzyme-coding genes dropped afterwards except 
PPMnP4. 
Transcripts of PPLac I were more or less the same between minimal medium 
(MM), MM with methanol and MM contaminated with DDE along incubation except 
DDE-contaminated medium at 72 hours. Also, DDE enhanced the transcription level 
of PPLac2 immediately after the addition of pollutant but the enhancement effect did 
not maintain and became insignificant afterwards. 
Generally, in addition to the insensitivity of PPLac 1, three kinds of 
transcriptional patterns were observed for the ligninolytic enzyme-coding genes 
under the effects of either methanol alone or 4.0 mM DDE/g biomass. Expression of 
、most genes, PPLac4, PPLacS, PPLacS, PPMnPl, PPMnP4 and PPMnPS, was 
delayed. Their expressions were not affected after the addition of methanol or DDE 
for 24 hours and then increased drastically over the next 24 hours and decreased 
gradually with fluctuation afterwards. 
PPLac6’ PPMnPl and PPMnPS reacted sharply after methanol or DDE had 
_ 94 
been added to the culture. The expression level induced drastically over the next 12 
hours for PPMnP3, 24 hours for PPLacS and 48 hours for PPMnPl. The induction 
effect was stable for 12 to 24 hours and dropped steadily along incubation. 
Transcription levels of PPLacS and PPLacl in both MM with methanol and 
MM contaminated with DDE were first suppressed and remained at the same level 
for 48 hours. The expression of PPLacS was then increased and returned to the same 
level before the addition of solvent or DDE and kept stable for another 48 hours and 
finally decreased again. Similar transcription pattern was observed for PPLacl. 
However its transcription level did not return to the original level and dropped again. 
、、 
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Figure 3.11 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 4.0 m M DDE/g biomass. 
Experimental conditions: RNA of the fungal biomass was isolated at 0, 24，36，48, 72, 
- 96 
96，132 and 168-hour after incubation. PGR products were electrophoresed in a 2% 
agarose gel and stained with ethidium bromide. The expression levels were 
normalized by using the relative mRNA ratio with that of the housekeeping gene 
gIycerol-3-phosphate dehydrogenase {gSpd). From left to right: M, 100 bp ladder; H, 
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Figure 3.12 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 4.0 m M DDE/g biomass. 
Experimental conditions: RNA of the fungal biomass was isolated at 0，24，36，48, 
72, 96，132 and 168-hour after incubation. PGR products were electrophoresed in a 
2% agarose gel and stained with ethidium bromide. The expression levels were 
normalized with that of the housekeeping gene glycerol-3-phosphate dehydrogenase 
igSpd). Each data point is represented by the mean 土 standard deviation of three 
replicates. One-way ANOVA was performed and ranking was by Tukey test at 5% 
probability. Independent-Samples T test was also performed for expression levels of 
controls (MM and methanol) and treatment at 24, 36，48，72 and 168-hr after 
i ncuba t i on .、 
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3.3.1.4 Effects of incubation time on the removal of 10.0 m M DDE/g biomass 
3.3.1.4.1 Effects of DDE on biomass development 
Growth of P. pulmonarius in minimal medium (MM), MM with methanol and 
MM contaminated with 10.0 mM DDE/g biomass was monitored along the 7-day 
incubation (Figure 3.13 (a)). The growth and development of P. pulmonarius in 
terms of biomass were inhibited in the presence of 10.0 mM DDE/g biomass. 
3.3.1.4.2 Protein content 
Generally, no significant difference between the protein content of minimal 
medium (MM), M M with methanol and MM contaminated with DDE along 
incubation was observed (Figure 3.13 (b)). 
3.3.1.4.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
In Figure 3.13 (c), the specific laccase activity of the culture with DDE was first 
induced, even slightly but was significantly different from minimal medium (MM) 
alone and M M with methanol after the addition of DDE for 12 hours (0.81 土 0.08 
lU/mg protein). Another peak was attained after 132-hour of incubation (1.86 土 0.13 
lU/mg protein) and the activity was dropped afterwards. Laccase productivity in 
culture contained DDE was peaked (21.41 土 3.79 lU/g biomass) and significantly 
‘ h i g he r at 132-hour after incubation and declined again (Figure 3.13 (e)). In 
comparison with the specific laccase activity or laccase productivity, the specific 
MnP activity and MnP productivity were relatively low and were more or less the 
same along incubation and insignificant between controls (both M M alone and MM 
with methanol) and treatment (Figure 3.13 (d) and (f)). 
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Figure 3.13 Effects of incubation time on (a) growth, (b) protein content, (c) 
specific laccase activity, (d) specific MnP activity, (e) laccase productivity, and (f) 
MnP productivity of P. pulmonarius in broth system contaminated with 10.0 
m M DDE/g biomass. 
Experimental conditions: 10.0 mM DDE/g biomass was added at 24-hour after 
inoculation and the cultures were then incubated at 28 土 1 � C and 150 rpm. Samples 
‘ were taken at 0，24, 36，48，72, 96，132 and 168-hour. In parallel, M M contained 0.3 
ml methanol (1.0% methanol) and M M without addition of methanol served as the 
positive and the negative control, respectively. Each data point is represented by the 
mean 土 standard deviation of three replicates. One-way ANOVA was performed and 
ranking was by Tukey test at 5% probability. Independent-Samples T test was also 
performed between controls (MM and methanol) and treatment. 
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3.3.1.4.4 Expression of the ligninolytic enzyme-coding genes during the removal of 
10.0 mM DDE/g biomass 
The ligninolytic enzyme-coding gene expression profile under the stress of lO.O 
mM DDE/g biomass was studied. Generally, the transcription level of most genes 
was first stimulated to different degrees by the blending effect at the beginning of the 
study and then dropped in minimal medium (Figures 3.14 and 3.15). 
The expression levels of PPLac2 and PPLacS which were induced within the 
first 48 hours after the addition of 4.0 mM DDE/g biomass, however, were instead 
suppressed under the stress of this extreme high concentration of DDE. No 
significant difference between the transcription levels of PPLacl, PPLac6, PPMnP4 
and PPMnPS in control and treatment were found although these genes showed 
enhanced expression by 4.0 mM DDE/g biomass. Expression of PPLac4 and 
PPLacS were down-regulated at 24 hours after the addition of pollutant. This was in 
contrast to the indifference at 4.0 mM DDE/g biomass. 
• 、-
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Figure 3.14 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 10.0 m M DDE/g biomass. 
Experimental xxmditions: RNA of the fungal biomass was isolated at 0，24，36, 48， 
72, 96，132 and 168-hour after incubation. PGR products were electrophoresed in a 
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2% agarose gel and stained with ethidium bromide. The expression levels were 
normalized with that of the housekeeping gene glycerol-3-phosphate dehydrogenase 
{g3pd). From left to right: M, 100 bp ladder; H, homogenate at 0 hour, lane 1 to 7，24, 
36，48，72，96，132 and 168-hour after incubation. 
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Figure 3.15 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 10.0 m M DDE/g biomass. 
Experimental conditions: RNA of the fungal biomass was isolated at 0，24，36，48, 
72, 96，132 and 168-hour after incubation. PCR products were electrophoresed in a 
2% agarose gel and stained with ethidium bromide. The expression levels were 
normalized with that of the housekeeping gene glycerol-3-phosphate dehydrogenase 
igSpd). Each data point is represented by the mean 土 standard deviation of three 
replicates. One-way ANOVA was performed and ranking was by Tukey test at 5% 
probability. Independent-Samples T test was also performed for expression levels of 
controls (MM and methanol) and treatment at 24, 36，48，72 and 168-hr after 
incubation. 、， 
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3.3.2 Optimization of DDE removal in soil system 
3.3.2.1 Effects of initial DDE concentration on the removal of DDE 
3.3.2.1.1 Ergosterol content 
P. pulmonarius was able to grow in the compost-soil mixture along incubation 
with its ergosterol content increased from 11.74 土 4.99 to 45.38 土 3.14 mg/g 
compost-soil mixture (Table 3.5 (a)). Surprisingly, growth and biomass development 
of P, pulmonarius were not affected even at 50.0 mg DDE/kg soil. 
3.3.2.1.2 Protein content 
The protein content of the compost-soil mixture decreased slightly after 21 days 
(Table 3.5 (b)). Also, there were no significant difference in protein contents among 
samples with methanol and samples contaminated with different concentrations of 
DDE. 
3.3.2.1.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
Both the specific laccase and MnP activities dropped around 3-fold in control 
after 21-day incubation (Table 3.5 (c)). DDE concentration of 4.0 mg/kg gave the 
highest enhancement (around 3-fold higher) on the specific laccase activity among 
the tested soil DDE concentrations. In contrary, insignificant difference between the 
specific MnP activities of various samples was found. Besides, the magnitude of the 
specific MnP activity was around 10-fold lower than that of the specific laccase 
activity in the broth system. However, in the soil system the specific MnP activity 
was similar to that of the specific laccase activity. In Table 3.5 (d), both laccase and 
MnP productivities declined to very low levels in the soil-compost mixture at the end 
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of treatment. No significant difference was found between the laccase and MnP 
productivities of control and samples treated with different concentrations of DDE. 
3.3.2.1.4 DDE removal and removal capacity 
Biodegradation leading to disappearance of DDE in the soil-compost system is 
the only removal mechanism measured. In Table 3.5 (e), DDE concentration did not 
affect the removal efficiency (RE) by the Day 28 living P. pulmonarius, and the REs 
were over 60% (ranging from 64.94 土 4.81% to 74.48 土 4.14%). Nevertheless, the 
removal capacity was found significantly higher when the soil DDE concentrations 
increased to 10.0 and 50.0 mg/kg. 
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Table 3.5 Effects of initial soil DDE concentrations on (a) growth in terms of 
ergosterol content，(b) protein content, (c) specific ligninolytic enzyme activity, 
(d) ligninolytic enzyme productivity, and (e) DDE removal in terms of removal 
efficiency and removal capacity of 28-day Pleurotus pulmonarius compost 
culture. 
(a) 
Initial DDE concentration (mg/kg) , Ergosterol content 
^ b (mg/g compost-soil mixture) 
Inoculum 11.74 土 4.99 
0 (day21) 一 45.38 土 3.14 
0.05 一 44.67 士 15.17 
0.5 “ 28.53 土 6.57 
“ 1 — 41.32 士 5.35 
“ 4 一 42.08 土 9.94 
“ 10 — 38.33 士 5.70 
“ 50 25.30 士 1.50 
(b) 
Initial DDE concentration (mg/kg) (mg/g = : : = — 、 
Inoculum 26.22 ± 1.14 
‘ 0 — 2 2 . 8 0 士 1 . 4 6 
“ 0 . 0 5 — 2 1 . 7 1 士 2 . 0 8 
“ 0.5 — 2 0 . 3 8 士 2 . 1 3 
“ 1.0 2 3 . 6 9 士 0 . 3 5 
4 . 0 — 2 1 . 8 7 士 3 . 3 8 
一 1 0 . 0 2 3 . 9 6 士 1.11 
“ 5 0 . 0 2 4 . 8 7 士 3 . 4 9 
(C) 
Initial DDE concentration Specific laccase activity Specific MnP activity 
(mg/kg) (lU/mg protein) (lU/mg protein) 
Inoculum 3.29：!： 0.91 4.21 ±1.11 
< 0 0.98 士 0.22ab 1.15 土 0.18 
— 0.05 “ 1.00 士 0.59ab — 1.24 士 0.55 .. 
一 0.5 “ 1.04 土 0.27ab — 1.23 士 0.30 
1.0 2.58 士 1.69ab 1.26 士 0.06 一 
— 4.0 “ 3.16 土 0.38a 1.27 土 0.01 
1 0 . 0 “ 0.60 士 0.15b — 1 . 3 7 土 0 . 1 3 
50.0 2.69 士 1.37ab 1.24 土 0.36 
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(d) 
Initial DDE concentration Laccase productivity MnP productivity 
(mg/kg) (lU/mg ergosterol) (lU/mg ergosterol) 
Inoculum 0.153 土 0.107 0.166 士 0.038 
一 0 ‘ 0 . 0 0 8 士 0 . 0 0 2 一 0 . 0 1 0 土 0 . 0 0 2 
— 0.05 0.010 士 0.011 0.010 士 0.003 
“ 0.5 “ 0.013 土 0.006 — 0.015 土 0.000 
— 1.0 “ 0.024 土 0.014 “ 0.012 土 0.002 
_ 4.0 “ 0.028 士 0.007 0.012 士 0.004 
- 10.0 一 0.006 士 0.002 0.014 土 0.003 — 
- 50.0 — 0.047 士 0.032 0.021 士 0.010 
^ 
Initial DDE concentration Removal efficiency (%) Removal capacity (mg DDE 
(mg/kg) removed/g compost) 
^ 74.07 土 3.70 0.0000 士 0.0000c 
“ 0.5 7 0 . 6 4 土 1.29 0 . 0 0 0 3 土 0.0000c 
一 1.0 6 8 . 3 6 土 11.78 0.0006 土 0.0001c 
“ 4 . 0 7 0 . 6 3 士 2 . 9 8 0 . 0 0 2 2 土 0.0001c 
1 0 . 0 — 6 4 . 9 4 土 4 . 8 1 — 0 . 0 0 5 3 士 0.0004b 
5 0 . 0 7 4 . 4 8 士 4 . 1 4 0 . 0 3 5 9 土 0.0020a 
Each data point is represented by the mean 土 standard deviation of three replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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3.3.2.2 Effects of inoculum sizes on the removal of DDE 
3.3.2.2.1 Ergosterol content 
The growth and development of P. pulmonarius were not inhibited by the 10.0 
mg DDE/kg soil in all the examined inoculum sizes (Figure 3.16 (a)). No significant 
difference was found between the ergosterol content of the fungus grown in soil 
spiked with methanol and 10.0 mg DDE/kg. 
3.3.2.2.2 Protein content 
In Figure 3.16 (b), the protein content in the compost-soil mixture increased 
with the increase in the inoculum sizes. Significant differences were only found 
between the protein contents of fungus grown in control and treatment using 1.25 g 
and 2.5 g inocula. 
3.3.2.2.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
The specific laccase activity and laccase productivity of both control and 
treatment with 10.0 mg DDE/kg soil inoculated with 2.5 g and 5 g inocula did not 
show any significant difference (Figure 3.16 (c) and (e)). Interestingly, both the 
specific laccase activity and the laccase productivity were significantly higher in 
treatment with 0.5 g inoculum and lower in treatment with 2.5 g inoculum than the 
corresponding control. In Figure 3.16 (d) and (f), the specific MnP activity and MnP 
productivity of the compost-soil mixture spiked with methanol alone increased with 
the increase in the inoculum sizes. At inoculum sizes of 0.5 g, 1.25 g and 2.5 g, both 
the specific MnP activity and MnP productivity of the fungus grown in 10.0 mg 
DDE/kg soil were significantly higher than those of control. 
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3.3.2.2.4 DDE removal and removal capacity 
Removal of 10.0 mg DDE/kg soil by various amounts of Day 28 living P. 
pulmonarius fungal compost after 21-day incubation was examined. DDE removal 
by the living fungus increased from 0.01 土 2.87% to 61.13 土 3.38% when the 
inoculum sizes increased from 0.05 g to 5 g (Figure 3.16 (g)). Nevertheless, 
inoculum sizes of 0.25 g gave the highest removal capacity of 18.6 + 5.9 ug DDE 
removed per g fungal compost (Figure 3.16 (h)). 
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Figure 3.16 Effects of inoculum size on (a) growth in terms of ergosterol content, 
(b) protein content, (c) specific laccase activity, (d) specific MnP activity, (e) 
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laccase productivity, (f) MnP productivity, (g) removal efficiency, and (h) 
removal capacity of 28-day living P. pulmonarius compost grown in soil 
contaminated with 10.0 mg DDE/kg soil. 
Experimental conditions: A variable amount of Day 28 living compost from 0，0.05, 
0.25, 0.50, 1.25, 2.50 and 5.00 g was inoculated onto 5 g soil artificially spiked with 
10.0 mg DDE/kg soil. The culture was incubated for 21 days at room temperature in 
darkness. Each data point is represented by the mean 士 standard deviation of three 
replicates. One-way ANOVA was performed and ranking was by Tukey test at 5% 
probability. Independent-Samples T test was also performed between control and 
treatment. 
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3.3.2.3 Effects of incubation time on the removal of DDE 
3.3.2.3.1 Ergosterol content 
In Figure 3.17 (a), the ergosterol contents of Day 28 living P. pulmonarius 
grown in both control and treatment first increased slowly along incubation. Then 
the ergosterol content increased dramatically during day 10 to day 21. Figure 3.18 
shows no obvious toxicity of DDE on fungal growth during incubation. 
3.3.2.3.2 Protein content 
Although growth of the fungus in both control and treatment were observed, the 
protein content of the compost-soil mixture dropped significantly after one day and 
this protein level was maintained throughout the incubation (Figure 3.17 (b)). 
3.3.2.3.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
Changes in the specific laccase activity of the compost-soil mixture were 
monitored for 21 days at five-day interval. In Figure 3.17 (c), the specific laccase 
activity of both control and treatment increased along incubation and the maximal 
peak was found at day 10 and then declined afterward. No significant difference was 
found between the specific laccase activity of control and treatment until the end of 
the incubation. Laccase productivity of P. pulmonarius dropped by around 4-fold 
after mixing with soil spiked with methanol for one day (Figure 3.17 (e)). The 
productivity then increased gradually for 10 days and declined sharply again at day 
15 and the level maintained afterward. On the other hand, the laccase productivity of 
the fungus in the compost-soil mixture contaminated with 10.0 mg DDE/kg reduced 
along incubation and finally became significantly lower than that of the control. In 
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general, the specific MnP activity of control and treatment increased slowly along 
incubation while the MnP productivity dropped at day 1 and remained stable along 
incubation (Figure 3.17 (d) and (f)). Both the specific MnP activity and MnP 
productivity of treatment were significantly higher than those of control at day 1. 
3.3.2.3.4 DDE removal and removal capacity 
In Figure 3.17 (g), the DDE degradation happened even after 1-day incubation 
with the removal efficiency (RE) of 28.77 土 7.29%. DDE removal continued and 
increased steadily along incubation with a final removal efficiency of 63.09 土 3.05o/o 
at the end. Similar pattern was also obtained for the removal capacity (RC) of DDE 
along the 21-day incubation with RC of 4.2 ± 1.1 and 9.2 土 0.4 ug DDE removed per 
g fungal compost at day 1 and 21, respectively (Figure 3.17 (h)). 
3.3.2.3.5 Putative degradation derivatives 
Figure 3.19 shows the overlaid GC/MS chromatograms and the possible 
breakdown products of Day28 Pleurotus pulmonarius compost-soil mixture before 
and after 21-day incubation. The abundance of DDE (retention time 20.78 min) 
decreased for around 60 to 65% after treatment. No novel peaks or prominent 
increase in a particular peak as possible breakdown products were observed. 
V. 
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Figure 3.17 Effects of incubation time on (a) growth in terms of ergosterol 
content, (b) protein content, (c) specific laccase activity, (d) specific MnP activity, 
(e) laccase productivity, (f) MnP productivity, (g) removal efficiency, and (h) 
- 117 
、 • 
removal capacity of 28-day living P. pulmonarius compost grown in soil 
contaminated with 10.0 mg DDE/kg soil 
Experimental conditions: Five grams of Day 28 compost (oven dry wt) were 
inoculated onto five grams soil artificially spiked with 10.0 mg DDE/kg soil. The 
setup was then incubated for 21 days at room temperature. Samples were taken at 
day 0，1，5，10，15 and 21 for examination. Each data point is represented by the 
mean 土 standard deviation of three replicates. One-way ANOVA was performed and 
ranking was by Tukey test at 5% probability. Independent-Samples T test was also 






Figure 3.18 The Day 28 pulmonarius compost inoculated soil culture at (a) 
day 7，(b) day 14，and (c) day 21 of incubation 
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Figure 3.19 The overlaid chromatographs together with the putative 
degradation derivatives of Day 28 Pleurotus pulmonarius compost-soil mixture 
before (black line) and after (purple line) 21-day incubation 
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3.3.2.4 Transcription of the ligninolytic enzyme-coding genes 
Regulation of the ligninolytic enzyme-coding gene expression during 4.0 mg 
DDE/kg soil was monitored for 96 hours. Similar to those in broth system, all the 8 
lac and 5 mnp genes were consecutively expressed in soil system (Figures 3.20 and 
3.21). Nonetheless, the expression profiles of these ligninolytic enzyme-coding 
genes in soil system were different from those in broth system in a way that the 
expression levels were usually lower. PPLacl, PPLac7, PPMnP3 and PPMnPS 
expressed at very low levels throughout incubation. 
Transcription levels of PPLac6 and PPMnPl induced immediately after 0.5 
hour incubation and the transcriptions were then returned to similar levels and 
changed in similar degrees with control in the rest of incubation. 4.0 mg DDE/kg soil 
suppressed the expression of PPLac4 immediately after 0.5 hour incubation. 
However the suppression effect did not last and decreased to an insignificant level 
afterwards. 
Delay in suppression was found in the transcription level of PPMnP4 after 
24-hour incubation. PPMnP4 transcripts increased slightly after 24 hours and 
dropped again over the next 48 hours. Expression of PPMnPS was also suppressed 
after 24-hour incubation to a very low level and then returned to the level the same 
as the control afterwards. Also, inhibitory effects of DDE on the transcription level 
of PPLacl started after 48-hour incubation and the effects remained for the rest of 
incubation. 
Besides delay in suppression, delay in the induction was also observed in the 
expression of PPLac3 and PPMnPl of which their transcription peaked after 48 
hours. No significant difference was found between the transcription levels of 
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PPLac5 of control and treatment. Its transcription level dropped dramatically for 
around 3 to 4-fold within the first 72-hour incubation and increased again at the end 
of incubation. In contrast, expression of PPLacS of both soil spiked with methanol 
and DDE showed a gradual decrease along incubation. 
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Methanol 4.0 mg DDE/kg soil 
Lane 
PPLacl • m H ^ B B ^ B ^ ^ B I 
PPLac2 I w l l f c M — — B — B B B ^ B B 
PPLacS ^ M B ^ B ^ ^ B B B ^ m B ^ B ^ ^ B B B 
ppLac4 • B W ^ H ^ ^ H B i ^ B i 
b b h h h 
ppLac6 
PPLac? ^Mj^^^BIBBii^BB ^ ^ B W I ^ B ^ B ^ B B I 
ppMnpi ^ b H U B B ^ M j^m^MBHH 
ppMnP2 • m B ^ ^ B B I ^ B B ^ B j B a l l ^ B I ^ B ^ B I ^ ^ B B i 
ppMnP3 ^ ^ B B B ^ B B B M B B B M B ^ B I ^ B I I ^ ^ ^ H 
^ ^ ^ H H H B H B H M ^ ^ H H H H H H B B ^ H I 
ppMnP4 I ^ M M B M B I M I ^ a ^ B W W W B B I 
ppMnPs I H ^ H ^ H I H I H ^ ^ H H ^ ^ H H i 
Figure 3.20 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 4.0 mg DDE/kg soil, from left to right: M，100 bp ladder; lane 1 to 5，0，24，48， 
72 and 96-hour after incubation. 
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Experimental conditions: mRNA of P. pulmonarius was isolated from the 
compost-soil mixture at 0.5, 24, 48, 72 and 96-hour after incubation. PGR products 
were electrophoresed in a 2% agarose gel and stained with ethidium bromide. The 
expression levels were normalized with that of the housekeeping gene 




























































 A  : 












 二  I 
R R  T  <—
—









 p  0
.0
 .  Tll
lp
 \  .  j 
0  2
4




 0  2
4












































































 ,  i4
.0
 -
















 r  h
as
 . <2  a
bf  B  A
B







































































































 .  .
 _
 r  0
.0


















































































To  ,  >  , 
JT  e  ^  ^  >  > 
^ 似  H
ab
 曲
./  B 
0.
0
 •  g  g  \
\i
l
 ,  -  0
.0










 0  2
4






























PPMnP l PPMnP2 
Methanol i | r Methanol 
4 0 - -Q- 4 mg DDE/kg Soil 丨 | 二 4.0 - -0-4mgDDE/kg Sofl 
[。- i 
I - . I 2 � [ I . 1 : 
i , 0 • a l I 10 J " l b op .^^"ar 
I z A <2 ABC i 
,ab 、 • 0 . 0 ‘ 丨 ^ 
2 4 沉 4 8 7 2 9 6 ' « 2 4 4 8 7 2 9 6 : 
Incubation time (hour) Incubation time (hour) 
PPMnP3 PPMnP4 
Methanol ^ Methanol | 
4.0 • -Q- 4 mg DDE/kg Sofl 4.0 - -Q- 4 mg DDE/kg Sofl 
.3 .1 
13 .0 - I 3.0 .. 
B S AB,； A a 
12.0 - I 2.0 CI ！ 
U 髮 ab[k、、 _ _ I B C I 
1 羞 ' 0 . 切 a b B ^ - ^ ： - JB^ 
0.0 I 0.0 ^ ― . . • — — ^ b : 
0 2 4 4 8 7 2 9 6 0 2 4 4 8 72 9 6 ： 
Incubation time (hour) Incubation time (hour) | 
PPMnPS g3pd (house-keeping gene) 
Methanol , 
-Q- 4 mg DDE/kg SoU 
c ® 80.0 1-
卜 I I 6 。 。 I 
I .【广 1 
^ ab-- 20.0 -^Methanol ！ 
S ！ - " 1 4 mg DDE/kg Soil | 
0.0 “ 、、a f L 0.0 ‘ ‘ 1 
0 2 4 4 8 7 2 9 6 0 2 4 4 8 7 2 9 6 
Incubation time (hour) Incubation time (hour) 
Figure 3.21 RT-PCR of ligninolytic enzyme-coding genes during DDE removal 
at 4.0 mg DDE/kg soil. 
Experimental conditions: mRNA of P. pulmonarius was isolated from the 
‘compost-soil mixture at 0.5，24，48，72 and 96-hour after incubation. PGR products 
were electrophoresed in a 2% agarose gel and stained with ethidium bromide. The 
expression levels were normalized with that of the housekeeping gene 
glycerol-3-phosphate dehydrogenase {gSpd). Each data point is represented by the 
mean 士 standard deviation of three replicates. One-way ANOVA was performed and 
ranking was by Tukey test at 5% probability. Independent-Samples T test was also 
performed between control and treatment. 
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3.4 Treatment of DDE by SMC of R pulmonarius grown on 
straw-based compost 
3.4.1 Optimization of DDE removal in soil system 
3.4.1.1 Effects of initial DDE concentration on the removal of DDE 
3.4.1.1.1 Ergosterol content 
Growth and biomass development were studied in the living first spent 
mushroom compost of P. pulmonarius after mixed with DDE-contaminated soil 
(Table 3.6 (a)). Inhibition on growth and development of the fungus was observed 
with culture containing 50.0 mg DDE/kg soil after 7-day incubation. However the 
inhibitory effect became insignificant after 21 days. 
3.4.1.1.2 Protein content 
Protein contents of control and DDE treatments were similar after 7-day 
incubation (Table 3.6 (b)). The protein content in culture contaminated with 50.0 mg 
DDE/kg soil then became significantly higher than that of control at the end of the 
21-day incubation. 
3.4.1.1.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
According to Table 3.6 (c) and (e), the specific laccase activity of treatment 
contaminated with 0.05 and 0.5 mg DDE/kg soil and the laccase productivity of 
treatment contaminated with 0.5 mg DDE/kg soil were significantly enhanced after 
7-day incubation. The effects were minimized and became insignificant at the end of 
the incubation. Both specific MnP activity and MnP productivity of control and 
treatment of different DDE concentrations were similar after 7-day and 21-day 
incubation (Table 3.6 (d) and (f)). 
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3.4.1.1.4 DDE removal and removal capacity 
Degradative removal of diverse concentrations of DDE was observed by the 
living ist SMC of P. pulmonarius after 7 days, with removal efficiency (RE) ranging 
from 49.13 土 3.83o/o to 64.81 土 7.94o/o (Table 3.6 (g)). The RE increased and more 
than 75% DDE were removed for longer incubation. The removal efficiency was not 
affected by changes in DDE concentration at the beginning. After 7 days, the 
removal capacity (RC) of treatment against 50.0 mg DDE/kg soil was the highest 
(Table 3.6 (h)). Finally, the RC showed an increasing trend with the increase in DDE 
concentrations (R^ = 0.9962). 
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Table 3.6 Effects of initial soil DDE concentrations on (a) growth in terms of 
ergosterol content, (b) protein content, (c) specific laccase activity, (d) specific 
MnP activity, (e) laccase productivity, (f) MnP productivity, (g) removal 
efficiency, and (h) removal capacity of SMC of Pleurotus pulmonarius 
compost culture 
(a) 
" T T T m Z ！ Ergosterol content 
Initial DDEco^entra t ion (mg/g compos-soil mixture) 
(mg 吨J after 7-day incubation after 21-day incubation 
— 0 11.14 土 3.96a 一 42.81 士 2.11 
— 0.05 10.93 土 1.97a “ 49.06 士 1.16 
— 0.5 “ 9 . 2 1 士 1 . 0 3 a 4 6 . 8 7 土 6 . 0 2 一 
1.0 9 . 9 4 士 1 . 0 6 a 4 5 . 0 7 士 9 . 5 0 一 
— 4.0 12.81 士 2.88a “ 44.92 士 10.13 
— 10.0 “ 13.26 土 1.81a — 54.09 士 12.18 — 
50.0 1.67 士 0.08b 38.64 士 8.70 一 
W 
Protein content 
InitialDDEconcentration (mg/gcompost-soil mixture) 
(mg Kg) after 7-day incubation after 21-day incubation 
0 13.03 士 1.20 22.11 士 1.4b 
~ 0.05 — 14.14 士 3.10 27.02 士 0.61ab 
— 0.5 1 8 . 2 0 士 4 . 3 7 “ 2 5 . 4 4 士 
— 1.0 10.98 士 3.14 24.65 土 2.06ab 
— 4.0 13.05 土 3.33 “ 22.22 士 3.12b 
10.0 12.96 士 0.83 “ 25.46 士 1.13ab 
5 0 . 0 1 2 . 4 8 士 2 . 0 0 2 8 . 5 7 士 1 . 9 2 a 
(C) 
Initial DDE concentration Specific laccase activity (lU/mg protein) 
(mg/kg) after 7-day incubation after 21-day incubation 
^ 0 — 1.04 士 0.66b 4.10 土 1.05 ~ 
0 . 0 5 3 . 9 9 士 1.78a 5 . 3 0 士 1.19 
0.5 4 . 1 9 士0.r7a 4 . 8 9士 l .U “ 
1.0 — 0.63 土 0.37b 4.76 土 1.42 . 
— 4.0 0.47 士 0.49b 5.05 士 1.37 “ 
— 10.0 0.94 土 0.35b 4.94 士 0.47 
— 50.0 0.59 士 0.19b 3.48 士 1.13 
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(d) 
Initial DDE concentration Specific MnP activity (lU/mg protein) 
(mg/kg) after 7-day incubation after 21-day incubation 
— 0 “ 0 . 2 5 士 0 . 2 3 — 1.3 6 士 0 . 2 8 
一 0 . 0 5 - 0 . 5 9 士 0 . 3 2 — 1.45 士 0 . 1 0 
— 0.5 “ 0 . 7 5 土 0 . 3 7 — 1.4 6 士 0 . 1 4 
一 1.0 - 0 . 1 8 士 0 . 1 0 — 1.6 6 士 0 . 2 4 
4 . 0 - 0 . 1 2 士 0 . 0 8 一 1.32 士 0 . 0 9 
1 0 . 0 - 0 . 5 4 士 0 . 5 9 1.42 士 0 . 1 9 — 
~ 5 0 . 0 0 . 1 9 士 0 . 1 4 1.35 土 0 . 5 2 
^ 
Initial DDE concentration Laccase productivity (lU/mg ergosterol) 
(mg/kg) after 7-day incubation after 21-day incubation 
— 0 0 . 0 1 9 士 0 .0 0 9 b 0 . 0 3 5 士 0 . 0 0 9 一 
— 0.05 0.091 士 0.054ab 0.049 士 0.011 — 
— 0.5 0.143 土 0.055a ~ 0.044 士 0.002 
— 1.0 0.010 士 0.002b 0.046 土 0.018 一 
4 . 0 - 0 . 0 0 9 土 0 .009b 一 0 . 0 4 1 土 0 . 0 0 4 
— 10.0 - 0.016 士 0.006b 0.039 士 0.003 
— 50.0 0.072 士 0.023ab 0.044 土 0.017 
(f) 
Initial DDE concentration MnP productivity (lU/mg ergosterol) 
(mg/kg) after 7-day incubation after 21-day incubation 
— 0 0 . 0 0 5 士 0 . 0 0 3 0 . 0 1 2 士 0 . 0 0 2 
一 0 . 0 5 “ 0 . 0 1 3 士 0 . 0 0 8 - 0 . 0 1 3 土 0 . 0 0 1 
一 0.5 — 0 . 0 2 7 士 0 . 0 1 9 一 0 . 0 1 4 土 0 . 0 0 4 
— 1.0 “ 0 . 0 0 3 土 0 . 0 0 1 “ 0 . 0 1 6 士 0 . 0 0 4 
— 4 . 0 “ 0 . 0 0 2 士 0 . 0 0 2 “ 0 . 0 1 1 ± 0 . 0 0 2 
—— 1 0 . 0 “ 0 . 0 0 9 士 0 . 0 1 1 “ 0 . 0 1 1 土 0 . 0 0 3 
~ 5 0 . 0 0 . 0 2 3 士 0 . 0 1 9 0 . 0 1 8 士 0 . 0 0 9 
- 130 
(g) 
Initial DDE concentration Removal efficiency (%) 
(mg/kg) after 7-day incubation after 21-day incubation 
_ 0.05 49.13 土 3.83 91.34 士 1.88 
— 0.5 49.80 士 12.24 — 83.41 士 1.23 
— 1.0 49.54 士 5.26 81.42 士 1.00 — 
— 4.0 “ 64.81 士 7.94 “ 78.10 士 1.83 一 
— 10.0 — 57.81 士 8.02 “ 81.37 士 1.11 — 
— 50.0 60.53 ±31.54 76.93 士 3.71 
^ 
Initial DDE concentration Removal capacity (mg DDE removed/g compost) 
(mg/kg) after 7-day incubation after 21-day incubation 
0.05 — 0.0000 ± 0.0000b “ 0.0000 ± O.OOOOd — 
“ 0.5 — 0.0002 士 0.0001b 0.0004 土 O.OOOOd 
— 1.0 ~~ 0.0004 士 0.0000b 0.0007 ± O.OOQOcd 
— 4.0 0.0020 士 0.0002b 0.0024 ± 0.0001c 
— 10.0 0.0047 士 0.0007b “ 0.0066 ± 0.0001b 一 
50.0 — 0.0292 士 0.0152a 0.0371 士 0.0018a — 
Each data point is represented by the mean 土 standard deviation of three replicates. 
One-way ANOVA was done and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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3.4.1.2 Effects of inoculum sizes on the removal of DDE 
3.4.1.2.1 Ergosterol content 
In the control soil devoid of DDE, the ergosterol content showed an increase 
with the inoculum size and peaked at 1.25 g inoculum size after 21 days (Figure 3.22 
(a)). On the other hand, the ergosterol content also showed an increase with 
inoculum size and peaked (55.84 + 11.18 mg per g compost-soil mixture) at 1.25 g 
and above inoculum size in 10.0 mg DDE/kg soil. This maximum ergosterol content 
was lower than the corresponding value (103.62 土 15.52 mg per g compost-soil 
mixture) in the control soil. 
3.4.1.2.2 Protein content 
The protein content of both control and treatment increased with the increase in 
inoculum sizes. But the control responded at a greater magnitude (Figure 3.22 (b)). 
3.4.1.2.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
In general, the specific laccase activity and laccase productivity of control and 
laccase productivity of treatment increased with an increase in the amount of 
inoculum (Figure 3.22 (c) and (e)). Compost-soil mixture contaminated with 10 mg 
DDE/kg soil inoculated with 0.5 g inoculum had the highest specific laccase activity 
after 21-day incubation. Both the specific laccase activity and laccase productivity in 
treatment samples with 0.25 g and 0.5 g inoculum sizes were significantly greater 
than those in control. On the other hand, control with 5 g inoculum was found to 
have higher specific laccase activity and laccase productivity than treatment. In 
general, the cpecific MnP activity and MnP productivity of treatment raised with the 
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increase in inoculum size (Figure 3.22 (d) and (f)). For control with soil spiked with 
methanol alone, the specific MnP activity and MnP productivity peaked at inoculum 
size of 2.5 g and then stabilized at the similar levels. Only at 0.5 g inoculum size, the 
treatment system showed higher specific MnP activity than the control. 
3.4.1.2.4 DDE removal and removal capacity 
In Figure 3.22 (g), even as little as 0.05 g inoculum of living SMC of P. 
pulmonarius can degrade 10.0 mg DDE/kg soil with 66.12 土 2.91% removal after 21 
days. The removal efficiency (RE) was found to increase gradually and significantly 
with increase in inoculum sizes from 66.12 土 2.91% by 0.05 g inoculum to 78.47 土 
4.76% by 5 g inoculum. In contrast, the removal capacity decreased sharply when 
the inoculum size increased form 0.05 g to 0.25 g and diminished with the increase 
in inoculum size up to 1.25 g and then remained constantly low for further increase 
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Figure 3.22 Effects of inoculum size on (a) growth in terms of ergosterol content, 
(b) protein content, (c) specific laccase activity, (d) specific MnP activity, (e) 
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laccase productivity, (f) MnP productivity, (g) removal efficiency, and (h) 
removal capacity of l^t SMC of R pulmonarius compost grown in soil 
contaminated with 10.0 mg DDE/kg soil. 
Experimental conditions: Different amounts of 广 SMC living compost from 0，0.05， 
0.25, 0.50, 1.25, 2.50 to 5.00 g was inoculated onto 5 g soil artificially spiked with 
10.0 mg DDE/kg soil. The culture was incubated for 21 days at room temperature in 
darkness. Each data point is represented by the mean 土 standard deviation of three 
replicates. One-way ANOVA was performed and ranking was by Tukey test at 5% 
probability. Independent-Samples T test was also performed between control and 
treatment. 
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3.4.1.3 Effects of incubation time on the removal of DDE 
3.4.1.3.1 Ergosterol content 
Growth and biomass development in terms of ergosterol content were 
monitored throughout incubation for both control and treatment (Figure 3.23 (a)). 
Significant difference between control and treatment was first observed after 15 days. 
No obvious toxicity of DDE was detected on the fungal growth along incubation 
(Figure 3.24). 
3.4.1.3.2 Protein content 
Reduction in protein content was observed in both control and treatment after 
one day (Figure 3.23 (b)). Changes in the protein levels were then insignificant 
afterwards. 
3.4.1.3.3 Specific ligninolytic enzyme activities and ligninolytic enzyme 
productivities 
In Figure 3.23 (c), no significant difference was observed in the specific laccase 
activity with increase in incubation time for both the control and treatment 
contaminated with 10.0 mg DDE/kg soil. However, the specific laccase activity of 
control was found to be higher than that of treatment after 5 day. Generally, the 
laccase productivity reduced along incubation for both control and treatment (Figure 
3.23 (e)). The specific MnP activities of both control and treatment were increased 
after 21 days (Figure 3.23 (d)). No significant difference was found along incubation 
for MnP productivities of both cultures (Figure 3.23 (f)). 
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3.4.1.3.4 DDE removal and removal capacity 
Figure 3.23 (g) shows the effect of incubation time on the removal of 10.0 mg 
DDE/kg soil by an equal amount of living SMC of R pulmonarius. The removal 
efficiency of DDE increased sharply after one day (37.64 + 0.71%) and then 
increased steadily for another 15 days and ended at 71.41 + 8.44%. Similar pattern 
was obtained for the removal capacity (RC) which increased sharply after one day 
(5.5 ±0.1 ug DDE removed per g compost-soil mixture) and then increased steadily 
for another 15 days and ended at 10.4 土 1.2 ug DDE removed per g compost-soil 
mixture at the end of treatment (Figure 3.23 (h)). 
3.4.1.3.5 Putative degradation derivatives 
The overlaid chromatograms of DDE before and after treatment with SMC 
of P, pulmonarius are shown in Figure 3.25 and the possible degradation products 
are listed in the figure below. 
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Figure 3.23 Effects of incubation time on (a) growth in terms of ergosterol 
content，(b) protein content，(c) specific laccase activity, (d) specific MnP activity, 
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(e) laccase productivity, (f) MnP productivity, (g) removal efficiency，and (h) 
removal capacity of SMC living P. pulmonarius compost grown in soil 
contaminated with 10.0 mg DDE/kg soil 
Experimental conditions: Five grams of SMC living compost (oven dry wt) were 
inoculated onto five grams soil artificially spiked with 10.0 mg DDE/kg soil. The 
setup was then incubated for 21 days at room temperature. Samples were taken at 
day 0，1，5, 10，15 and 21 for examination. Each data point is represented by the 
mean 士 standard deviation of three replicates. One-way ANOVA was performed and 
ranking was by Tukey test at 5% probability. Independent-Samples T test was also 






Figure 3.24 The S M C of R pulmonarius compost-soil mixture at (a) day 7， 
(b) day 14，and (c) day 21 of incubation 
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Figure 3.25 The overlaid chromatographs together with the putative 
degradation derivatives of S M C Pleurotus pulmonarius compost-soil mixture 
before (black line) and after (purple line) 21-day incubation. 
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3.5 Treatment of DDE by crude enzyme preparations of R 
pulmonarius grown on straw-based compost 
3.5.1 The crude enzyme preparations of P. pulmonarius grown on 
straw-based compost 
Ten grams (freeze-dried wt.) Day28 and SMC compost produced 1.06 土 0.12 
g and 1.49 土 0.09 g crude enzyme powder preparations. In Table 3.7，the protein 
content, MnP activity and specific MnP activity of the crude enzyme preparations 
prepared from Day 28 and SMC compost were similar. On the other hand, the 
laccase and specific laccase activities of crude enzyme preparations prepared from 
Day 28 compost were around 6 and 5-fold higher than those prepared from SMC. 
Table 3.7 A comparison of the crude enzyme preparations from the Day 28 and 
ist SMC R pulmonarius compost in terms of the protein content, ligninolytic 
enzyme activities and specific ligninolytic enzyme activities. 
Day 28 SMC 
Protein content (mg/ml) —0.332 士 0.080 0.271 土 o . o i ^ 
Laccase activity (lU) 1.729 士 0 . 8 8 ^ 0.290 士 0.224 
Specific laccase activity (lU/mg protein) 5.041 士 1 . 4 3 ^ 1.089 土 0.889 
MnP activity (lU) 0-051 土 0.0 i T " 0.043 土 0.028 
Specific MnP activity (lU/mg protein) 0.154 土 0.002 0.161 士 0.110 
Experimental conditions: Ten grams (freeze-dried wt.) Day 28 or SMC P. 
pulmonarius mushroom compost were extracted with 60 ml distilled water for 3 hour 
at 4。C and 120 rpm. The filtrate was then freeze-dried and the freeze-dried weight of 
the crude enzyme preparations was measured. Each data point is represented by the 
、 mean 士 standard deviation of three replicates. Independent-Samples T test was 
performed and significant difference was indicated by "*’，at p<0.05. 
、-
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3.5.2 Optimization of DDE removal in broth system 
3.5.2.1 Effects of initial DDE concentration on the removal of DDE 
The removal efficiency (RE) and removal capacity (RC) of crude enzyme 
preparations from Day 28 and SMC towards DDE are illustrated in Figure 3.26(a) 
and (b). For Day 28 crude enzyme preparation, the RE decreased from 80.34 土 
10.99% to 62.97 土 2.62% when the DDE concentration increased from 0.05 to 1 
mg/L. The RE decreased gradually to 53.05 土 2.06% when the DDE concentration 
reached 50 mg/L. When using the crude enzyme preparation from the SMC, the 
RE dropped sharply from 85.09 土 3.14o/o to 61.91 土 10.58% at.changing DDE 
concentration from 0.05 to 0.5 mg/L. The RE further decreased to 48.61 土 1.38% 
when the DDE concentration reached 50.0 mg/L. The RE was higher when Day 28 
crude enzyme preparation was used at 10.0 mg/L DDE concentration. On the 
contrary, the RC of both Day 28 and SMC crude enzyme preparations increased 
from 1.0 土 0.1 to 663.1 土 25.8 ug DDE removed per g crude enzyme preparation and 
1.1 土 0.0 to 607.7 土 17.3 ug DDE removed per g crude enzyme preparation, 
respectively, when the pollutant concentration increased from 0.05 to 50.0 mg/L. 
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Figure 3.26 Effects of initial DDE concentrations on (a) the removal efficiency， 
and (b) removal capacity in aqueous solution by crude enzyme preparations 
from Day 28 and SMC mushroom compost. 
Experimental conditions: Two ml crude enzyme solution contained 80 mg crude 
enzyme preparations from Day 28 or SMC mushroom compost were incubated 
with different concentrations of DDE for 24 hours at 45°C and 100 rpm. Each data 
point is represented by the mean 土 standard deviation of three replicates. One-way 
ANOVA w?is performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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3.5.2.2 Effects of amounts of crude enzyme preparations on the removal of 
DDE 
When the amounts of crude enzyme preparations increased from 20 to 320 mg, 
the DDE removal increased from 55.17 土 0.95% to 74.65 土 1.98o/o and 51.83 土 
1.05% to 69.07 土 1.75% for Day 28 and SMC crude enzyme preparations, 
respectively (Figure 3.27 (a)). Day 28 crude enzyme preparations showed higher 
removal efficiency when the amounts of crude enzyme preparations used were 
higher than 80 mg. On the other hand, the removal capacity dropped greatly from 
0.5517 土 0.0095 to 0.0467 土 0.0012 mg DDE removed per g Day 28 crude enzyme 
preparation and 0.5183 土 0.0105 to 0.0432 土 0.0011 mg DDE removed per g 
SMC crude enzyme preparation, respectively, when the amounts of crude enzyme 
used increased from 20 to 320 mg (Figure 3.27 (b)). 
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Figure 3.27 Effects of the enzyme amounts on (a) the removal efficiency, and (b) 
removal capacity in aqueous solution by crude enzyme preparations from Day 
28 and SMC mushroom compost. 
Experimental conditions: Two ml crude enzyme solution contained different amounts 
of crude enzyme preparations from Day 28 or SMC mushroom compost were 
incubated with 10.0 mg DDE/ml for 24 hours at 45°C and 100 rpm. Each data point 
is represented by the mean 土 standard deviation of three replicates. One-way 
ANOVA was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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3.5.2.3 Effects of incubation time on the removal of DDE 
The degradation of 10.0 mg DDE/L reached maxima (71.37 土 1.77% and 67.62 
土 0.07% for Day 28 and 广 SMC crude enzyme preparations, respectively) after 
incubation for 9 hours (Figure 3.28 (a)). Treatment using Day 28 crude enzyme 
preparation showed higher RE at the end of the treatment. Similar to the RE, the 
removal capacity (RC) increased to 47.7 ± 1.2 ug DDE removed per g Day 28 crude 
enzyme preparation and 45.1 土 0.0 ug DDE removed per g SMC crude enzyme 
preparation for 9 hours as the maxima (Figure 3.28 (b)). The RCs of Day 28 crude 
enzyme preparation at 9，12 and 24-hour after incubation were significantly higher 
than those of SMC crude enzyme preparation correspondingly. 
3.5.2.4 Putative degradation derivatives 
The overlaid chromatograms of DDE in aqueous solution treated with Day 28 
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Figure 3.28 Effect of incubation time on (a) the removal efficiency, and (b) 
removal capacity in aqueous solution by crude enzyme preparations from Day 
‘ 28 and SMC mushroom compost. 
Experimental conditions: Two ml crude enzyme solution contained 320 mg "crude 
enzyme preparations from Day 28 or 广 SMC mushroom compost were incubated 
with 10.0 mg DDE/ml for 24 hours at 45。C and 100 rpm. Each data point is 
represented by the mean 土 standard deviation of three replicates. One-way ANOVA 
was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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Figure 3.29 The overlaid chromatograms of D D E in aqueous solution treated 
by crude enzyme preparations from (a) Day 28 and (b) S M C mushroom 
compost before (black line) and after (purple line) treatment. 
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3.5.3 Optimization of DDE removal in soil system 
3.5.3.1 Effects of initial DDE concentration on the removal of DDE 
When DDE concentration in soil increased from 0.05 to 50.0 mg/kg, DDE 
removal by the Day 28 and pt SMC crude enzyme preparations decreased from 
84.30 土 0.17O/O to 62.70 土 U 5 % and 78.37 土 2.72% to 44.97 土 1.35% respectively 
(Figure 3.30 (a)). Unlike those in aqueous system, Day 28 crude enzyme 
preparations had higher removal efficiency (RE) than SMC crude enzyme 
preparations for all tested DDE concentrations. In contrast to RE, the removal 
capacity (RC) increased with the increasing soil DDE concentration (1.1 土 0.0 to 
783.7 土 14.4 ug DDE removed per g Day 28 crude enzyme preparation and 1.0 土 0.0 
to 562.1 土 16.9 ug DDE removed per g SMC crude enzyme preparation, 
respectively) (Figure 3.30 (b)). The patterns of both RE and RC were similar in both 
aqueous and soil systems. 
3.5.3.2 Effects of amounts of crude enzyme preparations on the removal of 
DDE 
Maximal removal of DDE was achieved when the amount of crude enzyme 
preparation for treatment was 320 mg, i.e. the removal efficiencies (RE) were up to 
63.91 土 1.310/0 and 58.24 土 2.09o/o for Day 28 and SMC crude enzyme 
preparations, respectively (Figure 3.31 (a)). In contrary to the gradual increase in RE, 
doubling the amounts of crude enzyme preparations (from 20 to 40 mg, 40 to 80 mg 
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Figure 3.30 Effects of initial DDE concentrations on (a) the removal efficiency, 
and (b) removal capacity in soil by crude enzyme preparations from Day 28 and 
‘ ist SMC mushroom compost. 
Experimental conditions: 80 mg crude enzyme preparation from Day 28 or SMC 
mushroom compost were added to two grams soil contaminated with different 
concentration of DDE and the setup was incubated for 24 hours at 45°C and 100 rpm. 
Each data point is represented by the mean 土 standard deviation of three replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
- 152 
(a) 
Day 28 | 
100 - 1st SMC ！ 
i 
茨 80 - I 
^ a 
O ^ 
J 60 - , c b 一 Z 
0 J CCl 奮 
c d _ _ 興 
1 40 - T D 
2 0 — , , , 
0 m ‘ ‘ ‘ ^ ‘ ‘ 
0 e 40 80 120 160 200 240 280 320 
Amount of crude en2yme preparations (mg) 
(b) 
0.6000 + -•-Day 28 
+ 1st SMC 
g I M 
^ a 0.4000 -• \ 
^ a> \ 
l| oV 
I j 0.2000 -
B - H I , 
0.0000 -] 1 1 1 h^ 
0 80 160 240 320 
Amount of crude enzyme preparations (mg) 
Figure 3.31 Effects of enzyme amounts on (a) the removal efficiency, and (b) 
removal capacity in soil by crude enzyme preparations from Day 28 and 
SMC mushroom compost. 
Experimental conditions: Different amounts of crude enzyme preparations from Day 
28 or ist SMC mushroom compost was added to two grams soil contaminated with 
10.0 mg DDE/kg soil and the setup was incubated for 24 hours at 45°C and 100 rpm. 
Each data point is represented by the mean 土 standard deviation of three replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
Independent-Samples T test was also performed between control and treatment. 
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3.5.3.3 Effects of incubation time on the removal of DDE 
In Figure 3.32 (a), the degradative removal of DDE in soil increased greatly 
from 17.24 土 0.51o/o and 12.90 土 2.23% to 53.10 土 1.76o/o and 48.89 土 0.16o/o for 
Day 28 and SMC preparations when the incubation time prolonged from 3 hours 
to 12 hours. Then the removal slowed down and reached the maxima at 57.85 土 
2.46% and 52.30 土 2.69o/o for Day 28 and SMC preparations after 48-hour 
incubation. The removal capacities (RC) reached maxima after 12-hour incubation, 
i.e. 33.3 土 1.1 ug DDE removed per g Day 28 crude enzyme and 30.6 土 0.1 ug DDE 
removed per g SMC crude enzyme, respectively (Figure 3.32 (b)). 
3.5.3.4 Putative degradation derivatives 
Possible breakdown products of DDE-contaminated soil by Day 28 or 广 SMC 
crude enzyme preparation were detected by overlaying the chromatograms of DDE 
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Figure 3.32 Effects of incubation time on (a) the removal efficiency, and (b) 
‘ removal capacity in soil by crude enzyme preparations from Day 28 and 
SMC mushroom compost. 
Experimental conditions: 320 mg crude enzyme preparations from Day 28 or 严 
SMC mushroom compost were added to two grams soil contaminated with 10.0 mg 
DDE/kg soil and the setup was incubated for 48 hours at 45°C and 100 rpm. Each 
data point is represented by the mean 土 standard deviation of three replicates. 
One-way ANOVA was performed and ranking was by Tukey test at 5% probability. 
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Figure 3.33 The overlaid chromatographs and the putative degradation 
derivatives of 10.0 mg/kg DDE-contaminated soil treated with (a) Day 28 and (b) 
S M C Pleurotus pulmonarius crude enzyme preparation before (black line) 
and after (purple line) treatment. 
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Chapter IV Discussion 
4.1 Quantification of the expression of the ligninolytic enzyme-coding 
genes 
Various methods such as northern blotting, reverse transcriptase polymerase 
chain reaction (RT-PCR), multiplex PGR and real-time PGR, etc., could be used to 
determine the mRNA levels. Northern blotting is the blotting of total RNA from 
agarose gel and no amplification is involved. Although it determines the size of 
RNA and quantify the content of RNA, it requires more RNA than is sometimes 
available (Polyak and Meyerson, 2003). Therefore, it is not suitable for this study in 
which only limited amounts of RNA were available. 
RT-PCR is the process of employing reverse transcription which converts RNA 
to DNA and followed with the amplification of particular DNA fragment using a 
thermostable DNA polymerase and specific primers (Herveg, 2003). However, the 
agarose gel-based analysis of cDNA products of RT-PCR only provides 
semi-quantification since the fluorescence of ethidium bromide could have gel-gel 
variations and rather insensitive (Hunt, 2005). 
In real-time PGR, amplification and detection are combined in a single step. 
Two general approaches were adopted to detect the amplification: non-specific DNA 
binding dyes such as SYBR⑧ Green I and specific hybridization probes or primers 
such as TaqMan™. SYBR® Green I is a more sensitive DNA binding dye than 
ethidium bromide which fluoresces 200 fold more brightly when bound to 
double-stranded DNA. Another advantage of using SYBR® Green I is that it is 
inexpensive when compared to hybridization probes. For the gene specific 
TaqMan^^ Probe, two fluorescent dyes, a reporter and a quencher, are attached to 
the 5' and 3' ends of a TaqMan™ probe. When both dyes are attached to the probe, 
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reporter dye emission is quenched. The reporter dye shows fluorescence only when 
detached from quencher. During each extension cycle, the Taq DNA polymerase 
cleaves the reporter dye from the probe and the reporter dye emits fluorescence. 
Therefore, increase in fluorescence intensity is thus proportional to the amount of 
amplicon produced (PE Biosystems, 2002; Scott, 2005). Although real-time PGR 
gives accurate quantitative results, it is not suitable to be used in this study owing to 
the limitation of available gene specific regions between the isozymes of the 
ligninolytic enzyme-coding genes. Multiple bands were detected by normal RT-PCR 
using the putative specific primers determined by the Quantity One 1-D analysis 
software (version 4.6) (Bio-Rad) (Figure 4.1). Besides, there is no gene specific 
region within 100 to 150 bp in length located for PPLacS due to the high 
homogeneity of PPLacl, PPLacl and PPLacS. The amplification length and 
temperature for a real time-PCR product has to be within 100 to 150 bp and 60。C 
and therefore, these make the design of specific primer sets impossible. 
Multiplex RT-PCR is a variant of PGR which two or more loci are 
simultaneously amplified in the same reaction. It allows rapid and convenient 
semi-quantitative analysis of transcription levels and pattern of a series of related 
genes. To make this method reliable and functional, it is essential that each set of 
primers must be highly specific to amplify only its corresponding target and not 
interact or produce any additional bands than those expected. Besides, the PGR 
conditions used were optimized in such a way that all the target genes are amplified 
at a similar efficiency. 
Successful multiplex PGR can be achieved by adjustments of MgCb 
concentration, annealing temperature, and number of PGR cycles (Henegariu et al, 
1997). Gonzalez et al (2003) demonstrated a multiplex RT-PCR method to study the 
expression of laccase genes led, lcc2 and lcc3 of basidiomycete Trametes sp. strain 
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1-62. The lac genes were differentially regulated in the presence of veratryl alcohol, 
2,5-dimethoxibenzyl alcohol and 3,5-dimethoxibenzyI alcohol isomers with 
2,5-dimethoxibenzyl alcohol found to be the best inducer. Feasibility of using 
multiplex PCR for seven of the 8 lac and 5 mnp genes with the house-keeping gene, 
glycerol-3-phosphate dehydrogenase (g3pd), was tested in this study. The annealing 
temperature of PPLacl is 50°C but additional bands were detected if the 
house-keeping gene {gSpd) was annealed at this annealing temperature. Therefore, 
PPLacl was not included in this feasibility study. No additional bands were 
produced than the two target genes (Figure 4.2). However, amplification efficiencies 
of the target genes were different in the multiplex reactions (Figures 4.3 to 6). As the 
purpose is to semi-quantify the transcription of the ligninolytic enzyme-coding genes, 
this will make cross-comparison impossible. Therefore, normal RT-PCR was chosen 
to study the expression of these genes during mushroom cultivation and the effects 
of DDE on these genes. 
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M 1 2 3 M 4 5 6 7 M M 8 9 10 11 12 M 
Figure 4.1 RT-PCR of the PPLac and PPMnP genes using the real-time PCR 
primers, from left to right: M, 100 bp ladder; lane 1 to 7，PPLacl to PPLac7; 
lane 8 to 12，PPMnPl to PPMnPS. 
M 1 2 3 4 5 6 7 M M 8 9 10 11 12 M 
Figure 4.2 Amplification of the ligninolytic enzyme-coding genes with the 
house-keeping gene, g3pd, by multiplex PCR, from left to right: M，100 bp 
ladder; lane 1 to 7，PPLacl to PPLacS; lane 8 to 12，PPMnPl to PPMnPS. 
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Figure 4.3 PCR products of (a) PPLac2 and (b) gSpd in normal RT-PCR and, (c) 
in multiplex PCR, from left to right: M , 100 bp ladder; lane 1 to 7，24 to 36 
amplification cycles. 
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Figure 4.4 Amount of PCR products of PPLac2 (left) and g3pd (right) in (a) 
normal RT-PCR and (b) multiplex PCR along 24 to 36 amplification cycles. 
Dotted line: trend line. 
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Figure 4.5 P G R products of (a) PPLac6 and (b) gSpd in normal RT-PCR and, (c) 
in multiplex PGR , from left to right: M , 100 bp ladder; lane 1 to 7，24 to 36 
amplification cycles. 
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Figure 4.6 Amount of PCR products of PPLac6 (left) and g3pd (right) in (a) 
normal RT-PCR and (b) multiplex PCR along 24 to 36 amplification cycles. 
Dotted line: trend line. 
- 163 
4.2 Artificial cultivation and the expression of the ligninolytic 
enzyme-coding genes during solid-state-fermentation of edible mushroom 
Pleurotus pulmonarius 
As in previous studies reported by Philippoussis et al. (2000 and 2001), 
Velazquez-Cedeno et al (2002) and Salmones et al. (2005), the fruiting bodies from 
the first flush always weighed more than the fruiting bodies in subsequent flushes. 
The biological efficiency obtained in this study was much lower than those reported 
previously. For example, Philippoussis et al (2000 and 2001) and Salmones et al. 
(2005) reported biological efficiencies of 123.07 % for P. pulmonarius strain S3014, 
76.57 % and 81.39 % for P. pulmonarius strain P26, 66.4 % for P. pulmonarius 
strain IE-137 and 77.1 % for P. pulmonarius strain IE-225 when cultivated on wheat 
straw compost. Nevertheless, the lower biological efficiency reported in this study 
may largely be due to the fact that only two flushes of fruiting bodies were collected 
which represented around 70 % of the expected total production, whereas the higher 
efficiencies reported in other studies were derived from more than three flushes 
which represent approximately more than 95 % of the total expected production. 
The ligninolytic enzymes activities of P. pulmonarius was maximal during the 
vegetative growth on straw-based compost and declined sharply during fruiting and 
raised in the intercrop period between two flushes. Similar pattern was also observed 
when another stain of P. pulmonarius IE 4 was grown on coffee pulp 
(Velazquez-Cedeno et al, 2002) and P. cornucopiae var. citrinopileatus grown on 
‘ straw (Kaviyarasan and Natarajan, 1997). Bonnen et al (1994) reported the laccase 
and MnP activities of Agaricus bisporus grown under standard composting 
conditions. The specific enzyme activities for both enzymes increased through the 
pinning stage and decreased with fruit body maturation. Ohga et al. (1999) studied 
both the activity and the transcriptional regulation of laccase during the cultivation of 
A. bisporus in wheat straw compost. The laccase accumulated during vegetative 
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growth and its activity declined rapidly at the fruiting stage. Good correlation existed 
between the laccase activity and the lac gene expression during the fruiting life cycle. 
Similar pattern in laccase activity during fruiting has also been reported in Lentinula 
edodes，P. abalones and P. cornucopiae (Mata and Savoie, 1998; Ohga et al., 1999; 
Chen et al., 2004). The authors suggested that the increase in laccase activity was in 
parallel to mycelial biomass gain during substrate colonization and then the rapid 
drop in fruiting might be due to enzyme inactivation and the probable proteolytic 
cleavage of parent enzyme molecules. On the contrary, very low levels of laccase 
were observed throughout the substrate colonization phase of Volvariella volvacea 
and the sharp increase in laccase activity at the onset of fruiting body initiation was 
only observed in the cotton waste composts (Chen et al., 2004). Both studies showed 
that the laccase activities were strongly regulated during vegetative growth and 
fruiting body development. And all these studies indicated that the change in laccase 
and MnP activity during mushroom cultivation was likely a developmental response 
in an effort to oxidize chemical compounds and decrease toxic effects. Moreover, 
these two enzymes were directly involved in lignin bioconversion (Tuor et al, 
1995; Banci et al., 1999; Hofrichter et al., 1999 and 2002; Tuomela et al.’ 2000; 
Leonowicz et al., 2001). However, the roles of these enzymes arc? not known and 
may also be correlated with pigmentation of the mushrooms. The ligninolytic 
enzyme activities might be related to the degradation of the growing substrate for 
、 providing resources for the growth and fruiting of mushrooms. Pleurotus 
pulmonarius bears greyish-brown caps with pigmentation and white stems. Thus it is 
unlikely that the higher laccase activities in stem could correlate with pigmentation. 
Further the organ mushroom has comparatively low activities for the two ligninolytic 
enzymes. Thus the development-specificity or development-dependence may not be 
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proper to describe the ligninolytic enzyme-coding genes. Nonetheless, 
development-specific genes need further investigation and confirmation. 
These ligninolytic enzymes have been found to degrade a variety of 
organopollutants (Dietrich et al., 1995; Yadav et aL, 1995; Bezalel et al.’ 1996; 
Steffen et al, 2003; Yang et al., 2003; Rodriguez et al., 2004). Thus the expression 
profile during artificial cultivation will be compared with those under environmental 
stress of DDE in broth and soil systems. 
4.3 Treatment of DDE by living P. pulmonarius 
4.3.1 Optimization of DDE removal in broth system 
Although DDE is a more potent estrogen than its parent compound DDT 
(Gilbert, 2000), it only inhibits the mycelial growth of P. pulmonarius at extreme 
high concentration (10.0 and 12.0 mM DDE/g biomass which is equivalent to 79.52 
and 95.42 mg DDE/L, respectively). The sorbed DDE content was 3.48 土 0.30 mg/L. 
Such high tolerance could be accounted by the effective degradation by P. 
pulmonarius. 
Literature concerning the bioremediation of DDE is relatively scarce. An 
aerobic gram-positive bacterium, Terrahacter sp. strain DDE-1 was able to 
metabolize DDE in broth system when induced with biphenyl (Aislabie et al, 1999). 
After incubated at 28°C in dark with shaking at 200 rpm for 10 days, the DDE 
、 concentration fell from 0.1 to 0.062 mg/ml and no further loss occurred for longer 
incubation. The removal efficiency was around 38 %• No concomitant increase in 
viable cell numbers was detected by viable cell counts. DDE catabolites including 
2-(4'-chlorophenyl)-3,3-dichloropropenoic acid, 2-(4'-chlorophenyI) acetic acid, 
2-(4'-chlorophenyl)-2-hydroxy acetic acid and 4-chlorobenzoic acid were detected in 
the culture extracts by GC/MS. Nevertheless, mineralization of DDE was not 
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demonstrated in this study. Bumpus et al (1993) demonstrated that the wood-rotting 
basidiomycete Phanerochaete chrysosporium, which is the most extensively studied 
white rot fungus, was able to degrade 10 nmol [ i4c]DDE in nutrient 
nitrogen-limited cultures. 4.5 土 0.2% and 6.0 土 0.8% of the " c label were recovered 
as [i4c]C02 with a total mass recovery of 74.8 土 6.7% '^C label after P. 
chrysosporium was incubated with 10 nmol ['"^CJDDE in 10ml culture for 18 and 60 
days, respectively. In addition to mineralization, a number of metabolites were 
formed in the culture and accounted for 5 to 48% of the '"^C-labelled materials 
depending on the incubation time. The removal efficiency was about 72% after 60 
days. However, only one metabolite, 4,4‘-dichlorobenzophenone (DBP) was 
identified by co-migration of the metabolite with an authentic DBP standard during 
HPLC. Identities of other metabolites were not found by this research group. 
Pleurotus pulmonarius performed better in the removal of DDE in broth system 
when compared with the results obtained by others. In this study, more than 90% 
DDE were removed in all the tested initial DDE concentrations with biosorption and 
biodegradation varied between 0.2 to 60 % and 33 to 98% respectively, with the use 
of only 0.025 g (oven-dry wt.) biomass of P. pulmonarius. However, no information 
about the size of inocula of Terrabacter sp. strain DDE-1 and P. chrysosporium used 
in the literatures reviewed above. Thus their removal capacities of DDE could not be 
deduced for comparison. As described by Gupta and Ali (2001), up to 93% DDE 
‘ (ranging from 2.0 to 30.0 ug DDE/L) were removed by 5 g/L bagasse fly ash, which 
is a waste from the sugar industry, with continuous shaking for 80 min at 30°C and 
pH 7.0. The removal capacity (RC) of DDE by bagasse fly ash was around 4 jig 
DDE removed per g bagasse fly which was much lower than those of living P. 
pulmonarius did (2.1238 ± 0.0010 mg DDE removed per g biomass). Moreover, this 
kind of physical treatment method can only remove but not degrade DDE as P. 
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pulmonarius did (with 33 to 98% degradative removal for DDE concentration 
between 3.98 to 95.42 mg/L). 
GC/MS was used to identify putative degradation derivatives after treatment 
with P. pulmonarius. The MS ionizes the compound and also breaks the molecule 
into smaller fragments. These fragments (fragment ions) are then, after focusing and 
acceleration resolved in the mass-analyzer and detected by an electron or photo 
multiplier. On the basis of the masses of the fragments recorded in a computer 
system, the mass and the possible structure of the original compound often can be 
determined. As revealed by the results of GC/MS, no novel or prominent breakdown 
products were observed in the filtrate. However, if there were any non-volatile 
breakdown products and mineralization of DDE to CO2 during incubation cannot be 
detected by GC/MSD which can only detect volatile compounds. 
Along the 7-day incubation, the specific laccase activity of the treatment was 
enhanced and significantly different from controls at 72 hours after addition of DDE. 
While laccase productivity of the treatment reached the highest at the next 24 hours 
and then dropped, specific manganese peroxidase activity and productivity were 
more or less the same along incubation and showed no significant difference 
between controls and treatment. Total removal of DDE reached around 80% at 
48-hour after DDE addition and then 94.38 土 1.94 % at the end of the treatment (132 
hours). Biosorption of DDE by the fungus was around 12 %. Although neither 
laccase nor MnP has yet been shown to have a role in pollutant, especially in DDE 
metabolism, with the enhancement in laccase activity together with the DDE 
removal along incubation in this study, it seems that laccase should be involved in 
DDE degradation. Besides, P. pulmonarius performed the best in comparison to the 
previous reports with nearly complete removal of DDE in the broth system. 
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4.3.2 Optimization of DDE removal in soil system 
In previous study conducted by Gong (2004), 67.7 土 3.5 % to 69.9 土 3.1 % of 
DDE were removed from soil contaminated with 0.8 to 8.1 mg DDE/kg after 
inoculated with an equal amount of sawdust compost of P. pulmonarius strain P127 
and incubated for five weeks. Actually, over 50% of DDE were removed after one 
week and further incubation only promoted a slight higher removal. Greater removal 
capacity (RC) was obtained with the increase in soil DDE concentration. Results in 
this study were consistent with previous study conducted by Gong (2004) although 
in this study P. pulmonarius was grown in straw compost. The removal efficiency of 
DDE (varied between 64.94 土 4.81% to 74.48 土 4.14o/o) was not affected by the soil 
DDE concentrations and the RC was found significantly higher when the soil DDE 
concentrations increased to 10.0 and 50.0 mg/kg. 28.77 土 7.29% DDE was removed 
from 10.0 mg DDE/kg soil after 1-day incubation and a final RE of 63.09 土 3.05o/o 
was obtained at Day 21. Unfortunately, the remaining DDE was not degraded and 
this may mean the residual as sorbed by P. pulmonarius and soil system with 
reduced bioavailability for degradation. Similarly, 4.38 土 0.67o/o to 60.04 土 29.15% 
DDE was biosorbed in broth system depending on the DDE concentration. Thus 
using living culture has the inherent problem of biosorption. 
The growth and development of P. pulmonarius were not affected by DDE for 
all the tested concentrations. This finding matches with those in broth system in 
which the growth of the fungus was only inhibited at DDE concentration as high as 
10.0 and 12.0 mM DDE/g biomasss (equivalent to 79.52 and 95.42 mg D D E / L , . 
respectively). 
The specific laccase activity of both control and treatment increased along 
incubation and the maximal peak was found at day 10 and then declined afterward. 
Although no significant difference was found between the specific laccase activity of 
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control and treatment until the end of the incubation, it seems that laccase is the 
major enzyme contributing to the degradative removal of DDE in soil rather than 
that of MnP since the specific MnP activities of control and treatment only increased 
slowly along incubation. 
No prominent products nor DDE metabolites were detected after treatment with 
Day 28 P. pulmonarius compost for 21 days. DDE was not completely removed after 
21-day incubation. According to the putative degradation products listed under 
Figure 3.18, the degradation products were mushroom metabolites or/and "natural" 
products of the fungal compost (Law et al., 2003). DDE may be mineralized by 
formation of ring cleavage products and carbon dioxide (CO2) during incubation as 
reported by Bumpus et al. (1993) and mentioned above. Nevertheless, neither 
mineralization of DDE to CO2 nor DDE breakdown pathway can be concluded in 
this study. Since degradation of DDE cannot be demonstrated by disappearance of 
DDE alone and the GC/MS metabolite identification, [''^CjDDE mineralization 
studies and the mass balance analysis which demonstrate the formation of polar and 
water soluble metabolites during degradation should also be carried out. 
4.3.3 Phylogency of the ligninolytic enzyme-coding genes 
4.3.3.1 Laccase coding genes 
The multiplicity of genes having only slight differences in their nucleotide 
sequences coding for non-allelic variants is a phenomenon frequently found in fungi 
(Gonzalez et al, 2003). Allelic sequences of laccase genes were also reported in . 
dikaryotic strains but less frequently. Kojima et al (1990) was the first group of 
researchers to describe the isolation of laccase gene from a basidiomycete fungus, 
Coriolus hirsutus, coding two allelic forms of laccases. Researchers are still 
investigating the reasons of the presence of so many highly similar genes in a single 
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organism and to identify the functions of these genes. Valderrama et al. (2003) 
reported the results of the phylogenetic analysis of 48 homologous fungal laccase 
genes from two monophyletic fungal divisions: Basidiomycota and Ascomycota, 
representing ten different multigene families. As they were dealing with sequences 
from two fungal divisions so the well-characterized homology from Acer 
pseudoplatanus (clade I) was used as the outgroup sequence. Most laccases from 
Ascomycota or Basidiomycota divisions were clustered together forming 
independent clades, which are taxonomically consistent with the exception of 
laccases from Filobasidiella neoformans and Aspergillus nidulans. Although these 
two fungal laccases have the ability to utilize typical substrates, the authors 
suggested they might not be true laccases that belong to the same evolutive branch. 
Phylogeny of the deduced amino acid sequences of eight Coprinopsis cinerea 
laccases and laccases of other basidiomycetes was analyzed by Hoegger et al. (2004) 
in a more recent study. Most laccases of Coprinopsis cinerea were clustered together 
in the same clade with the exception of lcc2 and lcc3 which clustered into another 
clade. Laccases of P. ostreatus also interspersed with laccases from other genera. On 
the other hand, all T. villosa laccases clustered together in a single sub-clade. 
Whether close clustering reflects similar enzyme properties is not known now. 
Different duplication events of two widely accepted evolutionary relationships 
among members of a multigene family were demonstrated. The former reflects the 
‘ duplication event occurred recently after the latest speciation event while the latter 
indicates duplication event occurred before speciation (Valderrama et al.’ 2003; 
Hoegger et al, 2004). 
A dendrogram of the deduced amino acid sequences of 26 Pleurotus lac genes 
available from the GenBank derived from UPGMA (MEGA 2.1) was constructed 
(Figure 4.7). Other than outgroup, Rhizoctonia solani lad (GenBank accession no. 
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Z54275), six major clades, with phylogenetic distance more than 0.1, were 
developed. The 7 lac genes were found in five of the six clades. PPLac? and PPLac6 
are identical with PSCB5 and PSCB3, respectively, at the aligned region (76 aa). 
PPLacS will fall into the same clade with PPLacl and PPLacl. 
Intron-exon structures of several laccase genes from basidiomycetes is highly 
conserved with splicing junctions and internal lariat formation sites adhering to the 
GT-AG rule, i.e. the 5，consensus sequence GTRNGT and the 3，consensus splice 
sites (c/t) AG, and the consensus sequence CTRAY. And the sizes of most fungal 
introns vary between 50 and 64. Eight and eleven introns were identified in Icsl 
from Ceriporiopsis subvermispora and lap2 from T. pubescens (Karahanian et al.’ 
1998; Galhaup et al, 2002). Besides, seven to thirteen introns with lengths ranged 
between 47 to 87 nucleotides, which are typical for C. cinerea, were identified in the 
eight laccase genes from Coprinopsis cinerea (Hoegger et al,, 2004). 
Usual promoter elements, TATA boxes and CAAT boxes, are present in the 5’ 
regulatory region of lap2 gene from T. pubescens, Icsl from C. subvermispora and 
lcc2’ lcc3 and lcc4 genes from C. cinerea. CAAT motifs play a pivotal role in 
determining the efficiency of the promoter. Long pyrimidine-rich regions, typical for 
strong fungal promoters, are also found between the TATA box and the translation 
start site (Karahanian et al.’ 1998; Galhaup et al.’ 2002; Hoegger et al” 2004). 
Apparent polyadenylation sites were found at the 3，end of the Icsl gene from C. 
" subvermispora and lap2 gene from T. pubescens with the sequence AATATA and 
AAACAA which differs in one to two bases from the consensus sequence AATAAA 
but in agreement with several authors that have reported polyadenylation signals in 
filamentous fungi and yeast. These do not match the consensus exactly (Karahanian 
et al, 1998; Galhaup et al, 2002). 
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Figure 4.7 Phylogenetic relationships of deduced amino acid sequences of 26 
Pleurotus laccases. The dengrogram was built from Poisson correction distances 
between deduced amino acid after multiple alignment (500 replicates) of 26 
Pleurotus laccase sequences and unweighted pair group method with arithmetic 
mean (UPGMA) clustering using the M E G A 2.1. Species and strains (with 
GenBank accession numbers) are: Pleurotus eryngii PELS (AY686700), PEL4 
(DQ234990), Pleurotus ostreatus POpoxa3gene (AJ344434)，POpoxl (Z34847), 
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POpox2 (Z34848)，POpoxalb (AJ005018), PO l (AY450404), P02 (AY485827), 
POLccKgene (AB089612), POoxidase (AB020026), Pleurotus pulmonarius 
PPLacl (AY936475), PPLac2 (AY836675), PPLac3 (AY916530), PPLac4 
(AY916531), PPLacS (AY916532), PPLac6 (AY836674), PPLac7 (AY916533), 
Pleurotus sajor-caju PSCBl (AJ507324), PSCB2 (AJ507325), PSCB3 
(AJ507326), PSCB4 (AJ507327), PSCB5 (AJ507328), PSCDl (AF297525), 
PSCD2 (AF297526), PSCD3 (AF297527), PSCD4 (AF297528), Pleurotus sapidus 
Psapidusl (AJ786026) and the outgroup Rhizoctonia solani RSol (Z54275) 
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4.3.3.2 MnP coding genes 
LiP and MnP were identified in the extracellular fluid of P. chrysosporium 
twenty years ago. Both of them had compound I and II redox intermediates of the 
typical catalytic cycle found in all classes I，II and III heme-containing peroxidase. 
Until the first X-ray crystal models of P. chrysosporium LiPH8 and MnPl published 
during year 1993 to 1994, the functional differences of these enzymes, which share a 
high degree of sequence homology, was then clarified. These two lignin-degrading 
enzymes are actually separated into two sets of isozymes encoded by multiple lip 
and mnp genes (Hilden et al, 2005). The encoding sequence of MnP is around 1050 
to 1150 b.p. There are 20 to 31 residues within the signal peptide of the known 
mature protein of peroxidases. At year 2002, Martinze gathered and analyzed the 
available predicted amino acid sequences of peroxidase genes and cDNA obtained 
by cloning and sequencing of different lignin-degrading fungi. Sequence affinities 
between the 31 fungal peroxidases as analysed by the UPGMA was reported by 
Martinez. The fungal peroxidases are divided into four clades where three of them 
are clustered into one large group and one clade is separated from the rest of flingal 
peroxidase. Clade I，which is separated from the rest of fungal peroxidase, contains 
"classic" MnPs that are Mn(II)-dependent and unable to oxidize non-phenolic lignin 
model. Within the large group, clade III is formed by lignin peroxidases which can 
oxidize both phenolic and non-phenolic aromatic compounds such as veratryl 
、 alcohol that "classic" MnP does not. Another subgroup, clade II，is also formed by 
MnP. Within this group of MnP, special MnP, VP can be found. VP shares the 
catalytic properties of LiP and MnP. Clade IV contains few sequences of MnP from 
polypore fungi. Some of the MnPs (clade II) are phylogenetically close to LiPs. 
As illustrated in Figure 4.8，a dendrogram was built for sequence comparison of 
the deduced amino acid sequences of 12 Pleurotus mnp genes available from the 
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GenBank by UPGMA (MEGA 2.1). Other than outgroup, Phanerochaete 
chrysosporium lip2 (GenBank accession no. M74229), four major clades, with 
phylogenetic distance greater than 0.1, were developed. The 5 mnp genes were 
spread throughout all the four clades. PPMnPl and PPMnP3 are very similar with 
homology of 99% at the aligned region (150 aa). 
Besides, description of promoter regions of P. chrysosporium and P. eryngii 
genes encoding LiP, MnP and VP isoenzymes in the past decade gave us information 
on their putative regulatory elements. These putative regulatory elements include 
xenobiotics response elements (XRE) and elements involved in cAMP-mediated 
response in LiP genes; metal response elements (MRE) and heat shock (HSE) in 
MnP genes; and MRE, HSE, activator protein 1 (API), activator protein 2 (AP2) and 
carbon repression element (CreA) binding signals in VP genes (Martinez, 2002). 
XRE and five, three and one putative MRE sites were identified in the upstream 
regions of mnpl’ mnp2 and mnp3 from Ceriporiopsis subvermispora, respectively 
(Manubens et al.’ 2003). Some of these putative regulatory elements have also been 
reported in the promoters region of peroxidase genes from T. versicolor, P. ostreatus 
and D. squalens (Johansson et al, 2002; Martinez, 2002; Hilden et al., 2005). 
〜， 
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Figure 4.8 Phylogenetic relationships of deduced amino acid sequences of 12 
Pleurotus manganese peroxidases. The dengrogram was built from Poisson 
correction distances between deduced amino acid after multiple alignment (500 
replicates) of 12 Pleurotus manganese peroxidase sequences and unweighted 
pair group method with arithmetic mean (UPGMA) clustering using the M E G A 
2.1. Species and strains (with GenBank accession numbers) are: Pleurotus 
eryngii PEVPSl (AF175710), PEVPL l (AF007221), PEVPL2 (AF007222), 
Pleurotus ostreatus P O M n P l (U21879), P0MnP2 (AJ243977), P0MnP3 
(AB011546), POMnP4 (AF326203), Pleurotus pulmonarius PPMnP l 
(AY916526)， PPMnP2 (AY916527)，PPMnP3 (AY916528)， PPMnP4 
(AY916529), PPMnPS (AY836676), Pleurotus sapidus Psapidus (AM039632) 
and outgroup Phanerochaete chrysosporium lignin peroxidase PCLiP2 
、 (M74229). 
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4.3.4 Transcription of the ligninolytic enzyme-coding genes 
Most studies focused on the effects of various inducers of these ligninolytic 
enzyme-coding genes at transcription level and very scarce studies concerned the 
effects of environmental pollutants on the expression of these genes. Yau (2005) 
examined the effects of various organopollutants and lignocellulosic substances on 
the transcription patterns of the 7 lac and 5 mnp genes of P. pulmonarius. 0.375 ml 
DDE stock solution dissolved in methanol (1.25%) was added to the 30 ml culture 
after 16 to 18 hours of recovery period for the blended mycelia to make up the 
culture contained 600 uM DDE/g mycelia. Total RNA of P. pulmonarius was 
isolated after 5-day incubation. At 600 uM DDE/g mycelia, transcription levels of 
PPLac2 and PPLac6 were induced while PPMnPl was inhibited. No effect was 
observed for other lac and mnp genes. In this study, the transcription of PPLacl, 
PPLacl, PPLac6, PPLacS, PPMnP4 and PPMnPS was induced to different extents 
within the 48 hours period after the addition of 4.0 mM DDE/g biomass. It seems 
that induction on the expression of these genes is due to the stress of 4.0 mM DDE/g 
biomass. After 7-day incubation, the expression of PPLac2, PPLac3, PPLacS, 
PPLac6, PPLacl and PPLacS were significantly higher than the control. While 
under the stress of 10.6 mM DDE/g biomass, no significant difference were found 
between the transcription levels of PPLacl, PPLac6, PPMnP4 and PPMnPS in 
control and treatment along incubation. Expression of PPLacl, PPLac4, PPLacS and 
‘ PPLacS were down-regulated at 24 to 48 hours after the addition of the pollutant. 
Interestingly at extreme DDE dose (10.0 mM DDE/g biomass), PPLacl, PPMnPl 
and PPMnPS had lower transcript levels. Also, PPLacS, PPLac6 and PPLacS 
seemed to maintain their transcription magnitudes in contrast to the MnPs expression 
patterns even at 168 hr. 
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The expression profiles of these lac and mnp genes in soil system were 
generally lower than and different from those in broth system. Transcription levels of 
PPLacS and PPMnP2 induced immediately after 0.5 hour incubation. On the other 
hand, 4.0 mg DDE/kg soil suppressed the expression of PPLac4 immediately after 
0.5 hour incubation. Both the transcription levels of PPMnP4 and PPMnP5 were 
suppressed after 24-hour incubation. Delay in the induction was observed in the 
expression of PPLacS and PPMnPl of which their transcription peaked after 48 
hours. Lamar et al (1995) reported that the pattern of lignin peroxidase {lip) gene 
expression of P. chrysosporium differed markedly in PCP-spiked soil and defined 
media. lipA, lipD and lipE were highly expressed under defined culture conditions. 
Transcript level of lipC was almost equal to the transcript level of lipA in 
nitrogen-limited cultures and was extremely low in carbon-limited cultures. Neither 
lipD nor lipE transcripts were detected during soil PCP degradation. Also, the 
number of lipC transcripts were at least 10-fold greater than lipA in 4-day-old soil 
cultures. 
It is inconclusive that any of the ligninolytic enzyme-coding genes is 
responsible for DDE degradation. The role(s) of these genes in DDE degradation 
remains to be established. Besides, no correlation can be observed between lac or 
mnp transcript levels with the corresponding enzyme activity. Nevertheless, 
correlation between the increase in specific laccase activity and DDE removal was 
observed along incubation and DDE was degraded by P. pulmonarius in both soil 
and broth systems. 
From previous studies, the regulation of laccase gene expression is substantially 
diverse between fungal species (Cullen, 1997; Palmieri et al” 2003). Laccase gene 
expression depends on cultural conditions and differentially regulated systems to 
control laccase production have been reported. In Pleurotus ostreatus, poxl and poxc 
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genes are expressed in potato/glucose/yeast extract broth (Giardina et al., 1995 & 
1996). The three lac genes (led to lcc3) from Trametes sp. 1-62 were shown to be 
differentially regulated by nutrients, growth phases and the inducer veratryl alcohol 
(VA) (Mansur et al, 1998). Among the various inducers tested, copper ions greatly 
increase laccase gene transcription in several fungi (Collins & Dobson，1997; 
Karahanian et al.’ 1998; Palmieri et al, 2000; Soden and Dobson, 2001; Galhaup et 
al., 2002). Expression of lap2 from T. pubescens was highly induced by copper and 
an increase in laccase activity was in response to copper (Galhaup et al., 2002). 
Copper (CUSO4) and silver (AgNOs) induced the transcript levels of Icsl from C 
subvermispora. However increased laccase activity was only detected in the 
extracellular fluid of cultures containing copper after 48 hours but not in the 
extracellular fluid of cultures containing silver at any time (Karahanian et al., 1998). 
Addition of copper markedly increase the transcription of poxc and induce poxalb 
production. On the other hand, potential inducers such as MnSCU, FeCb, ZnS04, 
veratryl alcohol (VA), veratraldehyde, vanilic acid and ferulic acid (FA) were also 
tested and all of them did not have any significant effect on the laccase activity but 
produced different laccase isoenzymes patterns (Giardina et al, 1999，Palmieri et al” 
2000). Presence of zinc (ZnS04) did not increase either the transcript of Icsl or 
laccase activity of C. subvermispora (Karahanian et al, 1998). Expression of Icc 
gene of Trametes versicolor was induced by copper (CUSO4), nutrient nitrogen (both 
ammonium tartrate and ammonium sulphate), 2,5-xylidine (XYL) and 
‘ 1 -hydroxybenzotriazole (HBT). However, no induction was observed after the 
addition of ZnS04，molecular oxygen, FA and VA (Collins and Dobson, 1997). lac3 
oiPleurotus 5«/or-cq/w=appeared to be constitutively expressed, whilst lad, lac2 and 
lac4 were differentially regulated by nutrient carbon and nitrogen, copper (CUSO4), 
manganese (MnSCU) and aromatic inducers FA and XYL (Soden and Dobson 2001). 
180 
There was a direct correlation between transcript level of cglccl from Coriolopsis 
gallica and concentration of tannic acid (50 and 100 uM) reported by Carbajo et al 
(2002). All of these differential expression patterns suggest different functions for 
the different laccases (Hoegger et al.’ 2004). 
Several metal responsive elements (MRE) have been identified in promoter 
regions of lac4 gene from P. sajor-caju, lap2 gene from T. pubescens, poxalb, Icsl 
gene from Ceriporiopsis subvermispora, poxc and poxal genes from P. ostreatus 
and lcc2, lcc3 and lcc4 of Coprinus cinerea (Karahanian et al.’ 1998; Galhaup et al, 
2002; Faraco et al., 2003; Soden and Dobson, 2003; Hoegger et al., 2004). These 
putative MRE sequences, with consensus sequence TGC(G/A)CNC, are similar to 
the sequences found in the promoters of metallothionein genes of higher eukaryotes, 
whose expression is induced by a range of heavy metals such as Cd, Cu and Zn, This 
metal-regulatory protein acts both as a metal receptor and as a trans-actmg 
transcription factor (Palmieri et al, 2000; Soden and Dobson, 2003). Nevertheless, 
transcription of laccase gene from T, versicolor is also activated by copper although 
it lacks MRE (Collins and Dobson, 1997). 
Xenobiotics response element (XRE) receptor or binding protein having 
consensus sequence of GTGCCAT is a member of a large family of regulatory 
proteins which activate gene transcription in response to the presence of aromatic or 
non-polar carbon compounds (Collins and Dobson, 1997). Putative XREs were 
found in the promoter of cglccl of C. gallica, implying that transcription of laccase 
genes may be activated by stress compounds such as tannic acid (Carbajo et al, 
2002). 
Putative ACEl transcription factor binding site was identified in Icsl gene from 
C. subvermispora and lap2 gene from T. pubescens. The ACEl activates the 
transcription of the Saccharomyces cerevisiae copper, zinc superoxide dismutase and 
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metallothionein genes in response to copper (Karahanian et al, 1998; Galhaup et al, 
2002). Whilst basidiomycete PMl laccase gene possesses a putative ACEl binding 
site but the laccase level was very low even in the presence of copper (Collins and 
Dobson, 1997; Karahanian et al, 1998). 
Heat-shock elements (HSE), which composed of the repeated 5 b.p. NGAAN 
element in either orientation, were found in the promoter region of lap2 gene from T. 
pubescens and poxc and poxalb genes from P. ostreatus. In yeast, HSEs were also 
proven to transcriptionally activate metallothionein genes in response to heat shock 
(Galhaup et al.，2002; Faraco et al, 2003). A 'general' stress responsive promoter 
element (STRE) with the consensus core sequence CCCCT was identified in the 
promoter region of lap2 gene from T. pubescens. HSE and STRE might be involved 
in stress-regulated lap2 gene expression caused by, for example, high concentration 
of Cu2+ (Galhaup et al” 2002). 
Regulatory elements known to be involved in carbon and nitrogen regulation of 
fungal gene expression such as Mig, NITl and NIT2, appeared to be present in the 
promoter region of lap2 from T. pubescens and some P. sajor-caju laccase genes. 
This explains how they are differentially regulated by nutrients carbon and nitrogen. 
Miglp is the key regulator protein in glucose repression in S. cerevisiae. In 
filamentous ftmgi such as A. nidulans, a homologue of Mig lp namely CreA 
(CreA-binding sites) is involved in controlling glucose repression. This glucose 
effect, i.e. repression of genes that are used in the metabolism of alternative carbon 
sources, is widely known in fungi and yeasts (Soden and Dobson 2001; Galhaup et 
al., 2002). 
Different aspects of transcriptional regulation of mnp genes were examined. 
These transcription factors include nutrients, Mn(II) concentration, hydrogen 
peroxide, chemical agents, oxygen and heat shock for mnp genes of P. 
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chrysosporium (Johansson et al., 2002; reviewed by Martinez, 2002). Besides, N 
source, Mn(II)，Ag(I), Cd(II), hydrogen peroxide, heat shock, oxygen and other 
chemical stresses such as sodium arsenite, 2,4-dichlorophenol and humic acids, have 
shown to involve in the transcriptional regulation of the mnp genes of C. 
subvermispora, Clitocybula dusenii and Nematoloma frowardii and Pleurotus 
species MnP and VP genes such as P. ostreatus and P. eryngii (Li et al.，1995; 
Ruiz-Duenas et ai, 1999; Scheel et al.，2000; Cohen et al.’ 2001; Martinez, 2002; 
Manubens et al., 2003; Kamitsuji et al., 2004). Mn(II) not only modulates the titers 
of mnp mRNAs but also is required for activity of the enzyme (Manubens et al, 
2003). 
In summary, differential regulations of these genes were reported but all of 
them showed a lack of a relationship between mRNA levels and extracellular MnP 
activity as in the present study. Data presently available do not allow any conclusion 
to be reached in any specific regulatory factors controlling the transcripts level of the 
mnp genes. 
4.4 Treatment of DDE by SMC of P. pulmonarius grown on 
straw-based compost 
4.4.1 Optimization of DDE removal in soil system 
In the optimization experiments, the drop in ergosterol content in control at 
inoculum sizes more than 1.25 g might reflect limitation of nutrients in the soil 
system to support larger inocula. In contrast, a lower ergosterol content at inoculum 
size of 1.25 g in the DDE-contaminated soil-compost system was obtained i.e. DDE 
inhibited fungal growth. So even when inoculum size was further increased, there 
was no corresponding increase in ergosterol content in the DDE-contaminated 
soil-compost system. 
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In this study, SMC of P. pulmonarius was one of the compost types used to 
treat DDE-contaminated soil. Under optimized conditions, the removal efficiency 
(RE) of 10 mg DDE/kg soil was 37.64 土 0.71% after one day incubation which was 
significantly higher than using the Day 28 compost (28.77 土 7.29o/o RE after 1 day 
incubation). However, no significant difference was found between the REs using 
Day 28 (63.09 土 3.05%) and SMC of P. pulmonaroius (71.41 土 8.44o/o) with 
similar initial protein content (28.78 土 1.00 mg/g compost-soil mixture and 34.93 土 
7.67 mg/g compost-soil mixture for Day 28 and SMC compost, respectively) at 
the end of 21-day incubation. 
Similar to those using Day 28 compost, no novel or prominent breakdown 
products were detected using GC/MS. Fewer degradation derivatives were detected 
in DDE-contaminated soil treated with SMC of P. pulmonarius. All of them were 
mushroom metabolites or/and "natural" metabolic products of the fungal compost. 
4.5 Treatment of DDE by crude enzyme preparations of P. pulmonarius 
grown on straw-based compost 
Increase in DDE concentration in both broth and soil systems decreased the 
removal efficiency (RE) of DDE by both crude enzyme preparations of P. 
pulmonarius. On the other hand, increase in the amounts of crude enzyme 
preparations increased the RE. Also the DDE removal reached maximum after 9 and 
12 hours in broth and soil systems, respectively. From the results obtained, crude 
enzyme preparations of Day 28 P. pulmonarius worked better than that of the 
SMC. This may be due to the fact that Day 28 crude enzyme preparations possessed 
higher laccase activity than those of SMC even they have similar protein contents • 
(Table 3.7). The putative degradation derivatives of DDE after treatment with Day 
28 and SMC crude enzyme preparations were more or less the same in both 
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systems. Similar with treatment using P. pulmonarius living composts, no novel or 
prominent breakdown products or DDE metabolites such as DDMU 
(l-chloro-2,2-bis-(4'-chlorophenyl)ethylene) and DBP (4,4'-dichlorobenzophenone) 
can be detected by GC/MS. This may be because these are not dead-end metabolites, 
and DDE was assimilated and intracellular mechanism might be involved for 
biotransformation. 
4.6 Cost-effectiveness of the bioremediation method 
The maximal removal efficiencies (RE) and removal capacities (RC) of DDE 
by mycelia and crude enzyme preparations of P. pulmonarius and their culture 
conditions in broth system are summarized in Table 4.1 to 4.3 while Table 4.4 and 
4.5 summarize the protein content, the specific laccase and specific manganese 
peroxidase activities of the mycelia and crude enzyme preparations of P, 
pulmonarius in broth system. As shown in Table 4.1， more than 90 % DDE 
removal (varied between 93.06 土 1.01 % to 99.76 土 0.02 %) was achieved by using 
0.025 g (oven-dry wt.) living P. pulmonarius for all tested DDE concentration (500 
to 12,000 uM DDE/g biomass which equivalent to 3.98 to 95.42 mg DDE/L) after 
7-day incubation while the RE of DDE dropped sharply from 80.34 土 10.99% to 
53.05 土 2.06O/O and 85.09 土 3.14% to 48.61 土 1.38% for treatment with Day 28 and 
ist SMC crude enzyme preparations, respectively when the DDE concentration 
increased from 0.05 to 50.0 mg/L after 24-hour incubation (Table 4.2). RC is the 
‘ amount of DDE removed per unit mass of the fungus. Higher RC implies the better 
performance of the fungus. As shown in Table 4.1 and 4.2, higher RCs were 
achieved by the living P. pulmonarius. Therefore, living P. pulmonarius performed 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Tables 4.6 to 4..8 summarize the maximal removal efficiency (RE) and removal 
capacity (RC) of DDE by mycelia and crude enzyme preparations of P. pulmonarius 
and their optimized culture conditions in soil system while the protein content, the 
specific laccase and specific manganese peroxidase activities of the mycelia and 
crude enzyme preparations of P. pulmonarius in soil system are summarized in 
Tables 4.9 and 4.10. In soil system, the REs were 63.09 ± 3.05 % and 71.41 土 8.44 
% when 5 g 10.0 mg DDE/g soil were treated with 5 g (oven-dry wt.) living Day 28 
and SMC of P. pulmonarius compost for 21 days correspondingly. The REs were 
63.91 士 1.31 % and 58.24 士 2.09 % when 2 g 10.0 mg DDE/g soil were treated with 
320 mg (freeze-dried wt.) Day 28 and SMC crude enzyme preparations of P. 
pulmonarius after 48 hours, respectively. Further incubation after 12 hours with the 
crude enzyme preparations only increased the REs slightly. Thus, the composts 
performed better than the crude enzyme preparations in terms of DDE removal but it 
would take longer incubation time. No significant difference was found between the 
REs using either Day 28 or SMC compost under optimized conditions. Besides, 
crude enzyme preparation of Day 28 P. pulmonarius performed better than those of 
the ist SMC. SMC of P. pulmonarius was regarded as solid waste from mushroom 
production which is a burden for landfills. However, crude enzymes prepared from 
Day 28 mushroom compost would be chosen if the soil contaminated with DDE 
needs to be treated within a short period of time as higher RE was obtained within 48 
hours. Higher RCs were obtained when the crude enzyme preparations were used to 
、 treat 10.0 mg DDE/kg soil. The RC of Day 28 crude enzyme preparation was 
significantly higher than those of SMC while similar RCs were obtained for the 
two composts. 
In brief, this study has identified the expression profiles of multiple ligninolytic 
enzyme-coding gene system of P. pulmonarius during artificial cultivation using 
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straw-based compost and under the stress of DDE in broth and soil systems. These 
profiles were different under different environmental conditions. Such transcript 
level has no correlation with the specific activities of the extracellular ligninolytic 
enzymes measured. Nevertheless, these ligninolytic enzymes from straw-based 
compost could be extracted in a simple manner and concentrated to degrade DDE in 
broth and soil systems. In order to lower the operation cost, P. pulmonarius could be 
inoculated into contaminated environment (soil or liquid system) for pollutant 
removal. Studies from our research laboratories have demonstrated that P. 
pulmonarius could degrade a mixture and a spectrum of different organopollutants in 
laboratory scale and in field study (Lau et al, 2003; Chan, 2005; Ho, 2005). This 
study finds that laccase of P. pulmonarius might be the key enzyme involved in 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.7 Further investigations 
Transcription pattern of the ligninolytic enzyme-coding genes of P. 
pulmonarius during cultivation on straw-based compost was examined in this study. 
Besides, it was demonstrated that P. pulmonarius can effectively remove DDE from 
aqueous solution and soil, respectively. In the future, studies could be extended to 
the following areas: 
Mass production of ligninolytic enzyme by fermentation 
The removal of DDE was well correlated with the laccase activity in this study. 
The ligninolytic enzymes laccase and manganese peroxidase were demonstrated to 
degrade environmental pollutants and are potential to be used in bioremediation. 
However, the commercially available purified laccase and MnP are too expensive for 
application (Table 4.11). Therefore, a cheap source of these enzymes must be 
available to make these potential applications feasible. At present, the study 
identifies that the SMC is a good candidate for the preparation of these desirable 
enzymes. However, optimization for enzyme production has never been done using 
straw compost whose formula is usually optimized for mushroom production. This is 
worth studying. 
Function of the ligninolytic enzyme-coding genes 
Although studies show that laccase and MnP were directly involved in lignin 
、 bioconversion and their changes during mushroom cultivation was likely a 
developmental response by the mushroom. However, the roles of these enzymes are 
still not known. Therefore, development-specific genes need further investigation 
and confirmation. Besides, the reasons for the presence of a number of isozymes and 
s-
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their roles in the fungi were not known. Further studies on the promoter sequences of 
these genes are needed to confirm their roles. 
、、 
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Table 4.11 The prices of commercially available fungal enzymes 
Brand name Enzymes Prices (USD/1,000 units) 
Fluka Laccase® {Coriolus versicolor) 2,833.33 
Fluka Laccase^ {Trametes versicolor) 98.80 
Fluka Manganese peroxidase。(not specified) 40,900.00 
Fluka Lignin peroxidase'^  (not specified) 87,800.00 
U corresponds to the amount of enzyme which oxidizes 1 ^ mol ABTS per minute 
atpH 4.5 and 25°C 
bl U corresponds to the amount of enzyme which converts 1 nmol catechol per 
minute at pH 6.0 and 2 5 � C 
U corresponds to the amount of enzyme, which oxidizes 1 ^imol Mn "^" per minute 
to Mn3+ at pH 4.5 and 25°C 
dlU corresponds to the amount of enzyme, which oxidizes 1 ^imol 
3.4-dimethoxybenzyl alcohol per minute at pH 3.0 and 30°C 
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Chapter V Conclusion 
In this study, the feasibility of using P. pulmonarius, both the organism itself 
and its enzymes, in the remediation of DDE in both aqueous and soil systems were 
tested. Cultivation of P. pulmonarius in straw-based compost was monitored in order 
to find the best developmental stage of R pulmonarius for DDE biodegradation. 
Along the developmental stages, the ligninolytic enzymes activities of P. 
pulmonarius was maximal during the vegetative growth (Day 28) and declined 
sharply during fruiting and raised in the intercrop period between two flushes. The 
specific laccase and MnP activities were 16.33 土 4.59 and 0.93 土 0.34 lU/mg protein. 
As a solid waste from mushroom cultivation, the 1®' SMC would be a better source 
of ligninolytic enzymes for biodegradation than those of SMC since it possessed 
higher enzyme activities, with the specific laccase activity of 3.28 土 2.41 lU/mg 
protein and the specific MnP activity of 0.68 土 0.19 lU/mg protein. Transcription 
study revealed that no correlation can be observed between the changes in 
ligninolytic enzymes along cultivation and the expression of the ligninolytic 
enzyme-coding genes. And the roles of these enzymes are not known and further 
investigation is necessary for confirmation of the specific genes for development. 
Under optimal conditions, the removal of DDE was better using the crude 
enzyme preparations of Day 28 Pleurotus pulmonarius in both broth and soil 
systems (73.54 土 0.82 % and 63.91 土 1.31 % respectively) than those of SMC 
(69.22 土 0.08 % and 58.24 土 2.09 % respectively). Nevertheless, the DDE： removal 
by living biomass of Pleurotus pulmonarius (0.025 g，oven-dry wt.) was even better 
in broth system than using its crude enzyme preparations which the removal 
efficiency (RE) was over 90 % (ranging from 93.06 ±1.01 % to 99.76 土 0.02 %) for 
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all tested DDE concentration (500 to 12000 uM DDE/g biomass which equivalent to 
3.98 to 95.42 mg DDE/L) after 7-day incubation.. While in soil system, the removal 
ability of living Day 28 and SMC of P. pulmonarius compost were similar. Their 
REs were 71.41 士 8.44 % and 63.09 士 3.05 % when 5 g 10.0 mg DDE/g soil was 
treated with 5 g (oven-dry wt.) for 21 days, respectively. The REs were 63.91 士 1.31 
% and 58.24 士 2.09 % when 2 g 10.0 mg DDE/g soil were treated with 320 mg 
(freeze-dried wt.) Day 28 and l^ t SMC crude enzyme preparations of P. pulmonarius 
after 48 hours. This degradation is via the ligninolytic enzymes secreted by these 
fungi without generating any toxic or unusual breakdown products different from 
those resulted from natural degradation of lignocellulosic substrates. 
Although with relative less amount of ligninolytic enzyme activities than that of 
Day 28 compost, the SMC of P. pulmonarius would be chosen for treatment of 
DDE in soil if treatment time is not a limited factor since there were no significant 
differences between the REs with Day 28 compost and it was regarded as solid waste 
from mushroom production which is a burden for waste disposal. However, crude 
enzyme prepared from Day 28 mushroom compost would be chosen if the soil 
contaminated with DDE needs to be treated within short period of time as higher RE 
was obtained within 48 hours. Finally, expression of the ligninolytic enzyme-coding 
genes during DDE removal does not correlate well. 
In brief, this study provides a feasible system for bioremediating toxic, and 
persistent DDE, which is generally regarded as a dead-end product of DDT, a banned 
‘ pesticide, using a fungal bioremediation by both the organism itself and its enzymes 
in both aqueous and soil system. 
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